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FOREWORD 

'ihis volume contains papers presented at the Symposium on 
Spectroscopy, sponsored by the National Academy of Sciences, 
India. The meeting took place during the 30th Annual Session of 
the Academy and was held at Allahabad during February 3-5, 1961. 
Workers viho are engiged in different branches of spectroscopy 
were requested to present a resume of the recent development 
in their field of endeavour. Resume on other branches of spec- 
troscopy like microwave spectroscopy, Raman spectra, radio fre- 
quency spectroscopy, theoretical aspects of spectroscopy, experi- 
mental techniques in spectroscopy could not be included in this 
volume. We hope to include these in a future volume. 

It is my pleasure to acknowledge our indebtedness to those 
who gave their time and energy to the successful conclusion of 
the conference, in particular to the members of the Council of 
the Academy . 

Department of Applied Physics 
University of Allahabad 
Allahabad 


S. N. GHOSH 
Chairman. 
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SPECTRA EXCITED BY SHOCK WAVES 


By 

W. M. VAIDYA 

Maiional Physical iMboratory^ Delhi -12 

[Received on 7th April, 1962] 

With the advent of supersonic flight of aircraft, rockets and missiles, research 
on gases subjected to excitation in shock tubes^ has received considerable impetus* 
The phenomenon has proved of interest not only from the aerodynamic stand- 
point but also the luminosity excited by the high temperature of the gas behind 
the shock front has provided an extremely useful source for spectroscopic investi- 
gations. Spectroscopic studies of the glow in shock waves have assisted aerody- 
namic research and also contributed substantially to our knowledge of the thermo- 
dynamic properties of the gases at high temperatures. 

A typical experimental arrangement for the excitation and observation of 
the spectra in shock tubes is shown below. It is constructed from four lengths 
of two inch copper pipe. One three-foot section is used as the high pressure 
chamber, which could stand an operating pressure of 430 Ibs./sq. in. A pipe union 
was used to hold the diaphragm, which consisted of a 0.002 inch thick Mylar 
film made by Dupont. When the pressure in the channel was approximately 
10“^mm Hg it was found that one layer of the Mylar film ruptured consistently 
at a prespre of 50 — 1 psia in the high pressure chamber. The membrane could be 
broken either by an excess pressure or by a plunger. For taking observations of 
the spectra, a quartz window was fixed at one end. 


Solanoiii emt 



* 

)» — ^ 


mxx Ti^ 

Fi?. 1 

The intensity of luminosity which causes the excitation of the spectra depends 
upon temperature attained in the shock tube and this can be calculated from 
tjiermodynamic considerations. For this purpose, it is necessary to examine the 
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space time history of the flow in the shock tube, shown in the i diagram -Fig. 2 
In this diagram (!) and (4) indicate the regions 



in the shock tube before rupture of the membrane. Upon rupture of the membrane 
the gas in the region (4) undergoes an isoentropic expansion and a compression 
wave, which quickly steepens to a shock wave, moves into the region (1). Simul- 
taneously a ^rarefaction wave moves into the high pressure chamber. The shock 
wave is followed by a interface which separates the two gases and is called 
a Contact Surface, which may be regarded as a piston moving into the low pressure 
region at the flow velocity. The adiabatic compression of the gas in region (1) by 
the shock wave produces an increase in the temperature of the gas in region (2) 
between the shock wave and the contact surface. On reflection of the incident 
shock wave by the closed end of the tube into this region, the temperature in 
region (5), behind the reflected shock wave is approximately doubled. This high 
temperatuie behind the incident and reflected shock wave causes the gas behind the 
shock front to be excited to luminosity. The relationship between the various 
parameters is 




iVi + 1 


M » - 
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Velocity of sound ralio 


Initial pressure ratio 


Ratio of the incident shock temperature to the initial temperature 


Ratio of the reflected shock temperature to the initial temperature 
Ml - Mach number 

It will be seen from ( 3 ) that Ts-the reflected shock temperature an 
shock temperature depend upon the Mach number M^, which in turn c 
upon the pressure ration P4/R1 and gas constants, otj ^ and 7. 7 is the rati 
specific heats 






Weak CM violet: ban is are also observed, the nitrogen coming from the argon as 
an impurity, Tae GR band at 4315 X appears to be absent. The second spectrum 
(Fig. 3b) is that of methane argon mixture, which also gives strong and rather 
weaker contiaam. GM is again present and in this case the GH band at 4315 X 
is weakly but fairly definitely present. Garbon monoxide argon mixture (Fig. 3c) 
gave strong G| Sv in banis and also the Mulliken band of C 2 at 2313 X and the 
carbon line at 2473 X. The normal discharge tube spectrum of GO, showing 
Third Positive and Angstrom bands, was not obtained; the Fourth Positive system, 
the resonance system of GO was n^t recorded. 

In the coaventiinal shock tube studies, the pressure ratio obtainable depends 
upon the strength of the walls of the tube. The maximum Mach number obtain* 
able under these conditions is of the order of 10, resulting in the temperature of the 
order of 18000'^Kl. A remark ible increase in the Mach number and consequently 
the temperature attained was been realised by utilising the controlled fusion 
reaction. This is essentially dependant upon electromagnetic acceleration of 
ionised gases. A typical experimental set up is shown in the Fig. 4. 


Pi ASM A 



HH 
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The Mach numbers attained in electromagnetic shock tubes are of the order 
of 100-200, yielding temperatures to 30000® -50COO®. 

A few typical spectra obtained in electromagnetic shock tubes are shown in 

ig.5. 
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Apart from the^identificitioE of the molecular species emittia’g the spectra, ns Ally 
interesting studies, regarding temperatures, electron density time variati3a of 
spectra have been undertaken and yielded results of great significance. 
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FLAME spectra 


By 

W. M. VAIDYA 

National Physical Laboratory, New Delfd-12 
[Received on 7th April, 1962] 

INTRODUCTIOi^ 

A study of flame spectra is a valuable means of obtaining information about 
combustion processes and energy content of hot gases generated during combustion, 
which can occur under a wide variety of experimental conditions, for example-rockets, 
jet engines, internal combustion engines and so on. In such sources of great in- 
accessibility, spectroscopy is the only method which can provide data on the nature 
and behaviour of the radicals produced as a result of chemical reactions. To 
investigate the characteristics of these radicals appearing in inaccessible sources, it 
is not necessary to conduct experiments on these difficult sources themselves, since 
exactly the saine radicals can be obtained under simpler conditions in the laboratory. 
Thus, if one wishes to study OH (Wates-vapour bands) bands appearing in the 
exhaust flames of jet engines, they can be more simply produced in the ordinary 
Bunsen flame. This has been a great advantage since it has been possible to 
understand combustion processes in rockets and jet engines by conducting spectros- 
copic experiments on simpler sources in the laboratory. 

The most familiar example of flames is the Bunsen flame. By separating the 
two cones, combustion in the outer and inner cones can be followed separately. 
Such an arrangement is shown in the fig. 1. The flame separator consists of two 



Fig. 1 
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concentric tubes, F and G, the inner tube, F, beiag mounted on the outer nozzle, D. 
of a blow-pi^. The outer tube, G, is made of quartz to permit observations in 
the ultra-violet, \\nen the gas is introduced and fiist ignited it burns on the top 
of the outer tuoe with a luminous flame. On slowly increasing the air supply, the 
flame becornes non-luminous, develops two cones and the inner cone descends 
gradually and settles on the inner tube. 

. of molecular oxygen as in air, it is possible to use atomic oxygen, 

obtained W passing a high voltage discharge through molecular oxvgen at low 
pressure. This method follows the procedure originated by Wood^ to obtain 

mgn propoition of atomic^ hydrogen to extend the Balmer specerum to higher com- 
ponents in the Balmer scries, An experimental set up for producing flames sup- 
ported by atomic oxygen is shown in fig. 2, The pressure in the discharge is 



Acetylene 
Fig. 2 



■^^Spectri'graph 
;»To pump 


^ secondary voltage is 5000V-8000V and secondary current 

-50-500 m amps. For the production of the flame no extra source of ignition is 

required ; as soon as atomic oxygen stream meets the combustible a glow is formed, 
which burns steadily. 

Another method for the production of flames at low pressures is the technique 
extenswel^y developed by Wolfard^ and Gaydon & Wolfard®. As the pressure 
IS reduced the quenching diameter increases and hence larger tubes are required 
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to maintain flames at low pressures. Sncr^ t'ubTon 

diaiBcter of the chamber shown in the fig, 3 is about , 



tile lop of which the ^ flame is situated ^can vary from 15 ems — 25 cms. These 
flames at low pressure have thick reaction zones, which enables detailed examination 
to be made. 

Spectrcscopic methods have been applied to flames in the internal combustion 
engine and exhaust flames of jets. A few typical photographs of flames are shown 
figs. 4, 5 & 6 and spectra obtained in these different sources are shown in the figs. 
7, 8, 9 and 10. 
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Fig 4, Glow in Atomic cK>gcn. 


Fig. 6. Exhaust Flame (Rocket). 



Fig. 8. Comparison of Spectrum 
of Gas-Air Bunseo Burner 
Flame with Spectra of several 
Fuels Banning in Engine uaJer 
Nonknocking conditions, 

1. Bunsen burner. 

2. Benzene in engine. 

3. Isooctane in engine. 

4. Gasoline in engine. 

5. Hydrogen afterglow in engine, 
o. Hydrogen in engine ; no disk. 






la tlie outer cones are found the OH bands and the GO flame bands attributed 
toCOr The OH bands are also found in the innp^cones of hydrocarbon flames, 
glows in atomic oxygen, jet exhaust flames, flames in internal combustion engine and 
also the sun and the stars. This is one of the most reactive radicals and plays a 
prominent part in combustion processes. The important bands are located at 
AA3a64, 2934, 2811 etc. 

Two other band systems, equally well known are the and CH, The G.^ 
bands have been recognised since early ninteenth century, but the nature of the 
emitter was not definitely fixed till the rotational analysis and the isotope effect 
firmly established the emitter of the bands as Gg only some 30 years ago. The 
important band heads of G2 are at XK 6191, 5635, 5165, 4737 and 4382 and those of 
CH at XX 4315 and 3872. 

In addition to the well known bands of G2, CH and OH found in the inner 
cones of hydrocarbon flames, they also show another band system, which is provi- 
sionally being attributed to HCO. The bands were flrst noticed in the inner cone 
of the Bunsen flame by Rassweiier and Withrow^ in their studies of combustion 
in engines. It was however found that the bands appeared with much greater 
Intensity and clarity in the inner cone of the ethylene flame burning in a flame 
separator.® From the vibrational analysis and the condition for their occurrence 
the bands were assigned to HGO. Another approach to the solution of the problem 
of the emitter was to detect isotope effect by utilising deuterium. This has been 
successfully done by obtaining the spectrum of deutero-acetylene glow interacting 
with atomic oxygen. A large number of isotopic bands have appeared in this flame 
and from the provisional analysis, it appears that the original assigment of HCO 
appears to be correct* 


SpeUroscopic methods of determining tmperatures 


Besides the identification of radicals, another aspect of spectroscopic analysis 
is the determination of temperatures from band intensity measurements. Thus, the 
intensity of a band is given by the expression 



where c = the velocity of light 

Plr = the number of molecules in the vibrational levels 
V = wave-number of the band 
Re = average electronic transit! on moment 
J” 4’’ s' f's" * = overlap integral. 

[Transitional probability is proportional to tbe square of the overlap 

integral.] ^ 


Since the sum of the squares of the overlap integrals summed Over all values of 
the vibrational quantum numbers of the upper or of the low state is equal to one, 


JV/ (*’) 
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log = Gi - 


kT 


from wbicli T can be calculated. 


If the disfributiu*:, ' of excited molecules amongst the initial rotational levels 
for a band in emission is assumed to correspond to thermal equilibrium at an 
effective temperature 0, the intensity of the lines of one branch, say a R branch 
are given by 


Inl R (JO = Ci 




where i is the appropriate intensity factor. 

Hence ^ 



bgC - 


iiie 




int\ 


/RT) 


is plotted against J* (J' 4- 1), a straight line is obtained. 


its slope is given by Bv^jd*ld from which the ‘‘effective rbtationaP 
temperature 6 C3.a be determined, knowing B/ from the analysis of the band 
structure. „ . 


It is possible to derive effective translational temperature by Doppler broade- 
ning. For hot gases the random movement of the molecules causes a broadening of 
the'spectrum lines- The half-breadth b is given by 


b =2V 2 R TIM(? = 0‘7 i-lOV M 

where M is the molecular weight, R the gas constant, c the velocity of high and v, 
the wave number of the spectrum line. The experimental method involves the use 
of a Fabry-Perot interferometer crossed with a large spectrograph* 

Interference fringes produced in a Jamin or Mach-Zebndcr interferometer 
can also be utilised for the determination of the translational temperaiureJ In 
such cases, measurement of temperature involves the application of the well known 

- 1 -* p 


where » ie the refractive iodei and P the density and k a extant, if as a result of 

the passage of a discharge, the refractive indp diminishes from % to n, then a iimge 
shift A / will be obtained satisfying the relation 

(no - n) f = A / ^ 

where t is the thickness of the column of the gas 

n 1 

Hn- i PQ 


Since 
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we obtaiE 


- 

To 


1 ^ A/ X 

r i - i) 


Thus, kuowiog the initial pressure po, temperature Tq and final pressure p, one can 
determine T. 

From the above it is clear that spectroscopic studies of flame spectra are of 
great value in elucidating combustion processes and energy content of hot gases 
generated during such processes* 
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RECENT APPLICATIONS OF ULTRASONICS 


TO 

SOLID STATE PHYSICS 


G. S. VERMA 

Department of Physics, Unisersily of Allahabad, Allahabad 
[Received oo 7tlj April, 1962.] 


The most interesting development in recent fears has been the prodoctioa of 
Microwave Phonons i.e., acoustic waves at Microwave frequencies. T ill 1957 the 
highest acoustic frequency which could be achieved by tuning the harmonics of 
the crystal was 500 Me. In 1957 Baranskii^, a Russian worker reported that he 
has been able to produce, 2 0 K Megacycle sound waves. Bommel* in collaboration 
with Dransfeld, produced 4 K Megacycle acoustic waves. Following this Jacobsen® 
of General Electric Research, Schnectady announced that he has produced 10 K 
Megacycle sound waves. 

A cylindrical quartz rod, 25 mm long and 3 mm in diameter, with both cikI 
faccs^ polished optically flat and parallel, is extended between two microwave 
cavities tuned to the same frequency (Fig. 1). Sound waves are generated by 





g 



Fig. L Schematic dia^am of the two cavities coupled acoustically by the quartz rod R and a 
variable electric coupling L. 

surface excitation in the electric field of one cavity . and similarly detected in the 
other. The transmitter cavity is coupled to a pulsed rf power source, and the 
receiver cavity to a sensitive receiver and oscilloscope. A variable electric coup- 
ling between the two cavities provides a means to compare the acoustically 
transmitted pulse wi.h a calibrated electric leakage signal. 

The only crystals in which acoustic waves of such high frequency have been 
produced arc Quartz and Germanium. Bommel and Dransfeld have studied 
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Mteaiialioa of sucli higbi frequency sound waves in Q^uartz^. Bommel and Drans- 
feld observed that attenuation remains constant upto 60°K and at 60®K there 
occurs a very sharp decrease in the attenuation and below 20^K attenuation is 
almost negligible. A similar sharp decrease in attenuation at low temperature 
was also observed in Germanium by TruclP and his associates in 1959. 

According to Akhiezer® sound waves on passing through a crystal disturb 
the equilibrium distribution of thermal phonons. The rc-establishment of equili- 
brium in the phonon gas requires an increase of entropy and leads to absorption 
of sound waves. Till i960 there was no explanation available for the sharp 
decrease in attenuation. The only hints which were available were that (1) the 
sharp decrease in attenuation is similar to the sharp decrease in thermal resistance 
observed^ in dielectric crystals and (2) the acoustic wave-lengths at such high 
frequencies, 10—20 microns, are of the order of mean free path for Umklapp 
processes. It is well known that Umklapp processes are responsible for thermal 
resistance at low temperatures. For collision processes of phonons, we may have 
processes for which total wave vector is conserved i.e., Kj-h Kg = Kg, The two 
phonons with wave vectors and Kj collide and give rise to third phonon of wave 
vector Kg. Also we may have processes of the type Ki+K 2 = K 3 -}-G where G is 
a reciprocal lattice vector. In this process total wave vector is not conserved and 
it gives rise to thermal resistance. Such a process is known as Umklapp process. 
Assuming that there are two groups of phonons. Group (1) which is characterised by 
large positive changes of temperature and group (2) which are characterised by small 
or negative changes of temperature and that heat exchange takes place between 
the two groups in a relaxation time characteristic for the Umklapp process 
attenuation of hypersonic wave can be calculaTed, The assumption that there 
arc two such phonon groups is based upon the experimental fact that for certain 
directions is positive and for others it is negative and as the temperature 
changes are proportional to the velocity changes, we have two groups of phonons. 

Verma andjoshi^ are the first to give the quantitative explanation for the 
entire temperature dependence- of hypersonic attenuation in Germanium. The 
excellent agreement between the theory and the experiment (Fig. 2) shows that 



F%.2. Tcm|«aturedepmdeQcec/Hyp<T3oDic attenuation in Ger maniunx at low temperatures. 


[ 222 ] 



phonon-phonon Umklapp proctsses arc responsible for the observed hypersonic 
attenuation at low temperatures. Attenuation is calculated from the followina 

Simplified expression ® 


i.llCT 

where G is tiie specific heat per cc, p is the ioa^tudinal sound velocity, p is the 
density, Tav'. is the average Gruneisen constant, w is the angular frequency of the 
sound wave^ and^ ^ is the relaxation time. for phonon-phonon Umklapp processes. 
The relaxation time at these low temperatures has been calculated with the help 
of the reIation^K.=:| where K is the thermal conductivity* Value of the 
average Gruneisen constant was obtained by choosing its value such that the 
theoretical value of hypersonic attenuation was equal to the experimental value, 
say, at 70®K. This value of was used for ail subsequent calculations. 

~~ - ^2. H_ 1 A, 

2| 


— ^ ^fVi, 

. .. c^S 

Fig. 3. Two degenerate Quadrupole levels of sepamted by 30 Me, Populatioiis of the two 
levels are given when the systeoa of nuclear spins is in thermal equilibrium with the lattice. 


ULTRASONIG EXGirATIO.^ OF NUOLSAR S?m TRAMSiriOXS 

Since 1955 a series of expsriments have been performed which demonstrate 
that transitions between nuclear spin levels can be induced by ultrasonic waves 
introduced at the frequency corresponding to the transitions Am’:s=± 1 or Am~±2. 
The possibility of affecting nuclear magnetisation in solids through the use of 
Ultrasonics was first suggested by Altschuler®. Proctor and Tanitiia® were the 
jfirst to perform such experiment at University of Washington, Seattle. NaGlO^ 
is the first crystal in which transitions were intrcKiuced between two degenerate 
quadrupole levels corresponding to 30 Me, 

In NaCiOs crystal, Na is essentially ionically bonded to the GlOs radical and 
the Gl atom is co-valently bonded to three Oxygen atoms. The electric field 
gradient at Cl nucleus is completely dciermined by the co- valent bond. The inter- 
action of this field gradient and the electric quadrupole moment of the spin 3/2 Gi 
nucleus brings about two energy levels. The population of the two levels arc given 
for the case in which the system of nuclear spins is in thermal equilibrium with 
the thermal lattice vibrations. At thermal equilibrium the nuclei, of course, are 
constantly making transitions between the two levels but the number of upward 
transitions per second is equal to the number of downward transition* per second. 
There arc two types of transitions— the direct process transitions and the indirea 
process or Raman transitions. In terms of quantised lattice vibrations the direct 
process is one in which a phonon having the energy of the nuclear transition is 
absorbed as the nucleus goes from the lower state to the upper state and a phonon 
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is emitted as tlie nucleus goes from the upper state to the iower state. In the indirect 
process, a lattice phonon is absorbed, the nucleus makes a transitmn and a phonon 
is emitted. The energy of the emitted phonon is ^ equal to the difference in energy 
between the incident phonon and the change in the nuclear ^spin -energy. At 
ordinary temperatures the indirect process is dominant since essentially all frequency 
lattice phonons in the lattice spectrum can contribute to the indirect process, 
whereas only those phonons having the nuclear transition frequency can contnbute 
to the direct process. The essential idea of the ultrasonic experiments is ^ enhance 
the direct process which depends upon the density of lattice vibration of 30 Me in 
this case, by ultrasonic waves of 30 Me frequency. The energy density of 30 Me 
phonons is increased to 10^* above the thermal equilibrium value# 

In NaCiOs experiment no magnetic field was used and transitions were intro- 
duced by ultrasonic waves in the quadrupolar levels. Later on 
used and transitions were iniroduccd in the Zeeman levels of Na or Cil nucleus 
in NaGl crystals by introducing ultrasonic waves of 12*5 Mc/sec corresponaing to 
Am= ±2 transitions (Fig. 4). By increasing ultrasonic transition probability it is 
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Fig. 4. Transitions between nuclear spin levels of Na®^ or Cl^^. 


possible to saturate the spin levels. However, it was realised by everyone working 
in this field that if it were possible to measure displacements of lattice points under 
ultrasonic excitation, more reliable values of ultrasonic transition probability 
could be obtained. This was achieved by Bloembergcn and Taylor^® in 1959. 
They were able to measure the strain coefficients and obtained results which are 
in violent disagreement with current theories. They find no angular dependence 
in the nuclear spin saturation^ which implies that 344/811 =3/4. This differs from 
the Gauchy relation —1/2. Also the experimental ratio 

TB whereas the ionic point charge model coupled with an isotropic antishielding 
factor gives a value 10. The results show inadequacy of the point charge model 
and indicates the possibility of a considerable amount of covalent character and 
configurational interaction on the Na"^ ion. It is believed that quantum mecha- 
nical calculations of the type Lowdin^^ has done might give some answer to these 
discrepancies. 

Menes and Bolef^* have measured nucleat resonance acoustic absofptiou id 
KI and KBr. A Q^uartz transducer crystal is bonded to the sample which is 
prepared to be mechanically resonant. Under the conditions of mechanical 
resemance the electric impcdence of the transducer is a certain function of the 
aooustic attenuation of the sample. The acoustic attenuation is of the ordef of 
i0^**cm* 
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^UtiiisiEg tlic values of oaclear resoQancc acoasiical absorption, Verma aod 
Josbi^ have calculated the valutt of 7 where 7 is the ampliSoitioo factor by which 
the quadrupole coupling exceeds that predicted on the basis of a point charge 
mcxicL They obtain T=12'6I for and 7 = 6*34 for ^^KBr. This calculation, 

however, is based on the assumption that KesseFs^* theory of resonance absorption 
of ultrasound in paramagnetic nuclei in a cubic lattice is correct. 


MOLECULAR RESONANCE ACOUSTICAL ABSORPTION IN SOLIDS 

In 1959 Licbermann^® showed that in molecular crystals resonance pheno- 
menon resulting in anomalously high acoustic absorption can occur whenever lattice 
and internal molecular vibrational frequencies overlap. Resonance absorption 
was calculated in the particular case of Benzene and has been also confirmed 
experimentally. Verma and Joshi^® also predicted molecular resonance absorption 
in solid cyclohexane of a magnitude larger than that of Benzene. It is encouraging 
to note from the Proceedings of Acoustical Society Meeting at Brown University 
(I960) that Rassmussen*^ has confirmed our prediction experimentally. 


ULTRASONIC SUPPORT TO THE ENERGY GAP MODEL IN BCS THEORY OF 
SUPERCONDUCTIVITY 

The greatest achievement in the last decade in the field of Solid State Physics 
is the BCS theory^® of Superconductivity. Although this effect was discovered 
fifty years back by K. Onnes and a considerable amount of experimental data were 
amassed during this period, there was no material progress in the understanding of 
the physical principles underlying the phenomenon. According to BCS theory, 
which was given in 1957 the electrons close to the Fermi surface form a bound pair 
state. The two electrons normally should repel each other. However,^ it has been 
shown by Frohlich^® and Bardeen^® that there occurs a mutual attraction between 
electrons due to virtual absorption and emission of lattice quanta i.c., phonons 
just as in a nucleus the protons are held together due to virtual absorption and 
emission of mesons. Whenever this attraction dominates over repulsive forces, a 
bound state occurs which results in the decrease of energy. Thus if we^ assume 
that there is in metals an effective attraction between the electrons, pairing will 
occur and the ground state w ill then be lower than for free electrons by the binding 
energy of these pair. The electron pairs have integral spins and obey Bose 
Statistics. It is known that a Bose gas is superfluid at absolute zero and applied 
to a Bose gas of charged partMcs, this property manifests itself as supercon- 
ductivity. 

The electronic spectrum consists of an energy gnp which is about 3*5 KT® 
at T==0®K, where Te is the critical transition temperature at which the mecai 
passes from normal phase to superconducting phase. This gap decreases with the 
increase in the temperature and finally vanishes at T = Tc'^R. Several experiments 
such as Absorption edge in Far Infra red by Tinkham*^, Microwave absorption 
by Biondi, Gurfunkcl et aP\ Nuclear Relaxation by Heber and Siitchcr*« etc. 
have been performed which support the energy gap mod:;!. Ultrasonics Jaas given 
an excellent experimental support to the energy gap model of tiieory. 

According to BCS theory 

2 

“a 
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wbcrc a, is the attenuation in the superconducting phase and «b in the normal 
phase and 2^0 is the energy gap and thus by measuring ultrasonic attenuation at 
different temperatures, Morse and Bohm** have measured the_ energy gap at 
different temperatures and results are in excellent agreement with BGb theory 
(Fig. 5). 



Fig..5. Variations of ai,(T) with temperature as observed from the ultrasonic data on tin. and 
compared with theoretical variation assuming the energy gap at 0®K is 28o=3'54 K,T«. 


MOSSBAUER EFFECT AND GRAVITATIONAL ‘RED SHIFT’ IN ACOUSTICALLY 

ACCELERATFD SYSTEM 

Most recently the Mossbauer*® Effect has become, in the words of Goudsmit, 
Editor of Physical Review and Physical Review Letters, one of the ‘hottest Topics^ 
This effect was discovered in 1958 and since then a large number of papers dealing 
with its applications have started pouring in and most outstanding and dramatic 
application of Mossbauer effect is the measurement of gravitational red shift by 
Pound and Rebka®® which has been reported in April 1 issue of Physical Review 
letters in 1960. Normally in the process of emission or absorption, a, nuclear T 
ray loses an amount of energy large compared to the line width. This loss is due 
to Doppler effect and the energy goes into the recoil motion of the emitting or 
absorbing nucleus. Mossbauer in 1958 found that under favourable circum- 
stances, namely for an atom tightly bound in a solid at low temperatures emission 
and absorption can occur without such an energy loss. The recoil energy is 
taken by the crystal as a whole, without emission of phonons. This effect was 
first found in Indium. 

* Pound and Rebka have measured the influence of gravity over a 70 ft height 
on the frequency of the recoil free 14 Kev y-ray of 0*1 /Asec The gravita- 

tional effea found agrees with gA/c*. 

Bommel and Dransfeld*^^ recently have reported in the November meeting 
of American Physical Society at Chicago that using the Mossbauer effect they 
have measured the frequency shift in accelerated system. Two identical piezo- 
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clcciric quartz tramduccrs arc ■imullaucously excited to lofigitudiaal vibraticm 
at a frequency oi few Megacycles, To one surface of cacb trai^uccr was attacked 
a thin toil of stainless steel, one of them carrying source, the other £»e terming 
as the absorber. Both the transducers are driven at the same amplitude and p’hasc 
to avoid direct Doppler shift of the 7 Hoe. Source and absorber can then he 
regarded as being in one and the same accelerated system* If the tran^iiiGcrs 
vibrate with amplitude a and angular frequency w and are separated by a distance 

one then expects to find a relative 7— resonance shift given by ~ 
between source and absorber* Such a shift proportional to has been observed* 

ULTRASONIC INVESTIGATION OF PHOTOCONDOCTORS 

Ultrasonic might prove, it is believed, a useful tool for investi^tiOT^ of 
photoconductors in Solid State Physics. Recently H* Ninc^® (reported in Fny^ 
Rev. Letters April 1960) has observed that the physical acoustical properties m 
CdS crystals are inSuenced by photon irradiation. Ultrasonic attenuation and 
photoconductance in GdS were measured as a function of light intemity and 
wave length* The cflTect of light intensity on the ultrasonic attenuation has been 
proved to be linear* The crystal exhibits the ultrasonic effect over the^mc rai^c 
of light wavelengths as the response region of ihc phoioomductance cncitt 
the tend edge for CdS at about 51(X) K upto 80(M) X in tbe infra red (Fig* o)* ine 



Fig. 6. Fhmoconductance and Ulira^ioic attenuation measured at 45 Mcjfcc wavdeagth ip 
for 'CdS crystek. „ - ' - * 
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phenomenoa of iafra red quenching of the photoconductance as well as the 
ultrasonic attenuation to the dark value by infra red was obtained. Two -types 
of mechanisms arc being considered as possible explanations of the ultrasonic 
attenuation changes (1) relaxation associated with electron or hole trapping at 
impurity or vacancy sites and (2) changes in thermoelastic attenuation due to heat 
conduction by photoactivated electrons. 


-ULTRASONIC ATrENUATIOM AND ULTRASONIC INVESTIGATION OF 
FERMI SURFACE OF METALS 

The first experimental evidence that electrons in metals could contribute 
significantly to the attenuation of Megacycle sound waves was uncovered by 
Bommel^® and Mac Kinnon.^° The importance of the electronic system was 
indicated by the observed change in attenuation upon crossing the superconducting 
transition. Various theoretical discussions of the contributions of the electrons to 
the attenuation in normal metals were put forward but the first complete theory 
was developed by Pippard^^ for the free electron gas. 

If the wave is longitudinal the density of positive charge will vary periodi- 
cally so that in the absence of a compensating variation of - ve charge there will 
be longitudinal electric field, which will force the electrons into motion. The 
longitudinal electric field associated with the longitudinal wave is of a different 
magnitude to keep the charge neutrality such that 

Jlatt + Je 


In fact only the minutest degree of charge imbalance is needed to keep the 
electronic current at the same magnitude as the lattice current. If there are 
collisions between the electron and the lattice, they also help to establish the 
required electronic current. The electric field which affects the current neutrality 
IS the Imk between lattice and electrons which is responsible for transferring energy 
from the former to the latter and so attenuating the wave. The attenuation a is 
given by 




R (E*. tt) 


Thus the problem of calculating d is reduced to that of calculating E*, the electric 
field needed to maintain the current neutrality. Pippard’s theory has successfully 
accounted for the major experimental features of the attenuation. 

By this time Bommel®* had found that the ultrasonic attenuation showed 
oscillatory dependence upon magnetic field in tin at helium temperature. The 
fiuctuations in attenuation appeared at magnetic fields inconsistent with cyclotron 
resonance or de Hass-Van Alphen oscillations. Pippard’^ proposed that such 
oscillations could arise from a matching of the diameters of electron orbits in a 
magnetic field and the wavelength of the incident sound wave. However, a detailed 
quantitative theory of the dependence of the attenuation upon the magnetic field 
was not forthcoming. There was a complete theoretical silence from 1955 to I960. 
It was only in early 1960 that Gohen, Harrison and Harrison®* published a detailed 
theory in Physical Review, 

However, during this period of theoretical silence, a number of experimente 
were performed which amply confirm Bommel’s original experiments and Pippard’s 
8u^e0OD that the oscillations provided r ew tool for studying the Fermi surface of 
mettw. The principal investigations have been those of Morse and his coUl^h?' 
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rators^o on copper and tin, that of Rcnckir^s on Bismuth and that of Roberts®' on 
Aiuminium published in Sept, issue of Phvs. Rev. Utilisin? this low temperature 

mag cue epeodcnce, Mjrss aod his assoc^ates®^ have shown that ia Gu, Au aad 
Ag i?ermi sariacc contacts the Brillouia boaaiary in (HI) direction. 
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IXTRODUGTION 

The excitation of spectra by ion bombardment, in particalar by protons has, 
of late, been receiving increasing attention. This is mainly due to the fact that 
protons emanated from the sun excite atleast a part of the aurora. These protons 
penetrate deep into the atmosphere even upto the aurora! heights where on bom- 
barding the constituent gases they excite spectra. 

Controlled laboratory experiments for the excitation of gases by bombardment 
of ions at different energies have recently been carried out mainly * by four groups 
of investigators ; at Yerke*s Oossrvatory, Chicago, by Meinel and Fan ; at Harvard 
University and Geophysical Research Directorate, Boston by Oldenberg, Garleton, 
Sheridan and Dieterich and at the University of Western Ontario, Canada, by 
Nicholis, Reeves, Pleiter and Bromley. Recently, Sluytcrs and Kistemaker have 
also excited inert gases by Ar"^ ion bombardment. 

The work of these investigators is greatly facilitated by the development of 
stronger ion sources by Mcak, Reese and Good (M. R. G. source) and electrostatic 
lenses. By means of these lenses beams can be collimated to a high degree. Some- 
times accelerators were used for obtaining very high energy beam. Furthermore, 
arrangements can be made so that the spectra may not be contaminated by spectra 
resulting from secondary electrons emanating from the metal surface of the system 
by ion bombardment. 

Previously, spectra were also excited by bombardment of gases by ions. 
These were carried out by means of canal rays where gases were bombarded by 
their own ions. However, in these expriments the spectra might be excited by 
more than one type of ions. For example, if the discharge tube is filled with Ng, 
the excited spectra may be due to bombardment of or or ions acting 
singly or jointly. In the recent experiments, the above uncertainties arc eliminated 
because all the above investigators have mass analysed the ion beams before the 
gases were bombarded. 

At low energies, the excitation of spectra by ion bombardment is caused mainly 
by the charge exchange process between ions and the bombarded neutral gas 
molecules. The ions are neutralised and the neutral molecuk becomes ionized. 
During ibis process the bombarded gas and/or the neutralised ion becomes dissociated 
and excited. At higher ion energies, the gas molecules are ionized and during 
the process of ionization, the ions become dissociated and excited. 
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CHAPTER li 

Experimental Arrangements 


2,1 Ion Scmrces 

H*, He"^, Ar *5 Ne+, Li"^, and H 3 + ions have been employed for 

exciting spectra of gases. In most cases, air was bombarded by these ions* Other 
gases are also bombarded namely, helium, argon, Hg, Ng and Og. 

Different types of ion sources were employed by different investigators^ Of 
these sources the one developed by Moak, Reese and Good^ is very important and 
has been employed by many investigators. This source, in conjunction with a high 
voltage accelerator, can produce ionic beam of very high energy with an output 
current of several hundred microamperes. Briefly speaking, it consists of a specially- 
designed pyrex glass envelope where ions are produced by an electrodeless dis- 
charge (Fig* 2.1). A tungsten wire is fused at one end of the glass envelope and an 



f iz, 2, 1 Moak, Reac and Good ion source. Ions are produced in a specially dcagned pyrex ghn 
€Wve!ope by an elcctrodeless discharge and are extracted through a canal in an aluDDinium base which is 
swfed to one aid of the pyrex tube. 
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acode voltage from 2 to 5 Kev is applied. The other end is sealed by aa aliimi- 
nium base having a canal at the centre. Ions formed inside the pyrex glass 
envelope are extracted through the canal of _aluminium base into the accelerator. 

Other ion sourccs^"^® are also used for exciting spectra in gases. The output 
current of these sources varies from 0.25 to several hundred microamperes- The 
energy of the ions used for exciting the spectra varirs from 1 Kev to 1 Mev The 
characteristic features of these ion sources are given in the following tabie."*^ 

TABLE 1 

Ion sources used for exciting spectra in gases by ion bombardment 


Investigator 

Type of source with 

Type of 

Output 

Energy 


accelerator 

beam 

current 

range 

Meinel and Fan 
(1952)* 

Proton from Kevatron of 
the Institute of Nuclear 

H+ 

— 

230 Kev 

Studies, University of 
Chicago. 





Fan and Meinel 


H+ 

— 

40 — 230 Kev 

(1953)® 



— 

> 5 — 320 Kev 


He* 



150—450 Kev 



Ne-^ 

— 

400 Kev 

Branscomb, Shalok 

From the Van de Graaff 

H+ 

— 

100 Kev 

and Bonner (1954)* 
Fan (1955)s 

accelerator of Rice Institute 
30 Kev ion accelerator of 

He^ 

Several 

10 Kev 

Yarkes Lab. 


hundred 

Nicholles and Plei- 
ter (1956>® 

A thermionic source with 
a lithium, Al, Si coated 
anode 

Li+ 


2-4 Kev 

Fan (1956a7 

Source of (1955) 

H+ 

He* 


5—350 Kev 
10-450 Kev 

Fan (19565)® 

M, R. G, source with 

H+ 

Several 

25 — 350 Kev 

Van de Graaff accelerator 


hundred Pa 




He* 

99 

10 — 450 Kev 

Dieterich (1956)® 

M, R- G. source 

H+ 

10 

2 Kev 



5 

2 Kev 

Garleton (1957)^® 
Garleton and Law- 


H+ 

20 M 

2 — 3 Kev 

1-4 Kev 

rence (1958)^^ 


H+, Ha* 

Nicholls, Reeves and 

Thermionic source with 


•25-5 fia 

0-5- 1 Mev 

Bromley (1959)^^ 

Van de Graaff accelerator 



5 — 25 Kev 

Sluyters and Kiste- 

Obtained from Amster- 

Ar+ 

2‘0 P-a 

maker (1959)^^ 

dam Electromagnetic Iso- 
tope separator 




Reeves, Nicholls and 

Ion beam from 3 Mev 

H*, H 

,*, -5 - 5 /tfl 

0*5 — 1*5 Mev 

Bromley (1960)^^ 

Van de Graaff accelerator 

H, 




• The detailed description <rf different types of ion f ur ce» \ ^ 

entitled ‘ISecondary Electron Emission by Ion Bombardment by Ghosh and Khare (Under pubU- 
CJIliMft). 
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2J Spectrograplis 

For studying the spectra excited by ion bombardment, different types of 
grating or prism spectrographs were used. Some of the spectrographs have high 
resolution and others have large light gathering power and low dispersion. The 
spectra have been photographed from 2500A to 9000A. For the ultra-violet and 
visible region, Eastman Kodak 103-0 and 103aF plates and for infra-red region 
IN plates were used. The spectra were excited at different pressures of gases. 

We shall now describe in detail the spectrographs used by the four groups 
of investigators referred to in the Introduction. 

(a) Spidfogtaph used by Meinel and Fan ; 

Meinel and Fan (1952), Fan and Meinel (1953), Fan (55, 56a and 56b) 
carried out observations at Yerkes Observatory and recorded spectra obtained by 
the bombardment of ions on a nebular spectrograph (grating B spectrograph)!^ 
of McDonald Observatory. Originally designed by Horace W. Babcock, the 
nebular spectrograph consisted of an //4 parabolic collimeter mirror of 2" aperture 
and 7.65' focal length, a glass grating of 15,000 lines per inch rulled by H. D. 
Babcock^ and a solid //0.65 UV glass Schmidt camera of 1.33" effective focal length 
made by D. O. Hendrix. 

(b) Specif ogtaph used by Carleton : 

At Harvard University, Carleton analysed the spectral feature with a Kipp’s 
liquid prism spectrograph!*®. This spectrograph consisted of a liquid prism made 
of ethyl cianamate (GqHs GH 4 GH 4 GOOG 2 H 5 ) having side walls of crown glass 
plates.' The ethyl cinnamate prism which has a small average refractive index and 
a large dispersion = i,560,«^ — Nq ** 0*0286, v=\9) was placed on a cast iron 

base. The side of the prism, which has a refractive angle of 65®, is 15 mm long and 
95 mm high, so that full beam of light can pass through it. The prism was placed 
in the position of minimum deviation for the green light for which the refractive 
index is 1’570. 





si-iT 

2J2 Hie modified a>llmon chamber used by Fan and Meinel for exciting spectra in gases by 

icm lmial»fdnwQt. 
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The spectrograpli was mounted inside a metal case. At one end of the case 
tile coilimator tube w^as Sxed having a lens of 65 mm diameter and 600 mm focal 
length. In front of the coillmatirg lees, a unilateral slit of 20 mm height was 
mounted. 


A prism which can be removed if required, was fixed before the slit for taking 
comparisen spectra. The front of the slit w^as made quite plane in order that a 
step reducer could be fastened before the slit for securing a perfect projection of 
the stop reducer on the photographic plate. The diaphragm in the coilimator tube 
prevented stray light from failing on the prism. 

^ Kipp spectrograph has a//2 camera. The lens of the camera has a diameter 
of 65 mm and a focal length of 140 mm. It can be adjusted for focussing the far 
iolra-red region of the spectrum. An additional shutter was placed between the 
plate holder and the camera lens, which prevented light from falling on the 
photographic plate. The length of the spectrum for different spectral region is 
given below : 


Spidral rmgB 
8000 A --6003A 
6000 A — 5000A 
5000 A — 4000A 


Length of speclmm 
4 mm 
6 mm 
11 mm 


height of spectrum is 3*5 mm and the dispersion ranges from 
AUU-yuO A/mm from violet to infra-red region. 


An eye piece (magnifying power 10) can be fastened behind the camera and 
can be moved along a rail in order to bring the different parts of the 
m the field of view. Thus, it can be used as a %ectrScope 
Instead of a photographic plate, a vacuum thermocouple may be mounted for 
direct intensity measurement of the spectrum* 


(f) spectrograph used by Reeves et al : 

Reeves et _ constructed a simple and inexpensive prism spectroeraoh 
mounted on a heavy iron base and having a large aperture//!-!. They empfoyed 
flinTa ^ and a colhmating lens of 58 cm focal length, I 60®^ drase 

flint glass prism (M 5460 = l-p3) of 4-5 cm height and 5-5 cm side ^nd a 35^^ 
Canon camera fitted with Zunow//l-!9 element 50 mm lens. The camera could 
be easily removed for loading and was actuated by an external cable release. The 
plywood case of the spectrograph was fitted with an additional shutter between 
the slit and the collimating lens. The dispersion is given below : “«ween 

130 A/mm at 4050 A, 

360 A/mm at 5050 A, and 

MQO A/mm at 1000 A. 

various spectral features could readily be made within 2A around 
by the use of photometer tracing. Estimated resolving power measured 

spectra are 2-13 x !0» at 4246A and 
1-117 X 103at 5025Aforaslitwidthofl0^. 
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la a later experiment, Reeves, Nicholls and Bremley^* used a//4 Hilger 
Spectrograph for recording spectra resulting from the bombardment of I Mev H**" 
in Nj at a pressure of 58/t. A Vo meter Baush and Lomb grating spectrograph 
and a photon counting grating spectrometer were used* The spectrometer had a 
collimator, a plane grating and a telescope system together with an RGA 1P28 
photomultiplier tube cooled by dry ice* 


(d) Spmifograpk used by Sluyters et at : 

To study the iumuinescence produced by collision of high energy Af+ions 
with gases, Sluyters and De Hass designed a grating vacuum monochromator for 
the spectral range 1000 — 6500 A. For the ultraviolet region below 1800 A, the 
entire optical system was enclosed in an evacuated chamber, and the grating was 
mounted in a Paschen — Runge mounting where the entrance slit, grating and the 
reflected spectrum lie ou a circle whose diameter is the radius of curvature of the 
grating. As in the vacuum ultraviolet region, aluminium is the best material with 
the highest reflectivity, these investigators used a one-meter aluminium grating 
(30 X 20 mm^) with 600 lines/mm made by the Nobel Institute of Stockholm. The 
widths of the two slits (one for incident light entrance and the other for reflected 
light) are continuously being adjusted from 20/* to 2mm and can be moved in any 
plane. The exit slit can be replaced by a curved film holder. The spectrograph 
was evacuated by a diffusion pump to about 10"® mm of Hg. 

An E.M.I. 6256 photomultiplier with quartz window was used for detecting 
different spectral features. To reduce the dark current pulses, the tube was. 
cooled with liquid air to -80^0. The exit slit and the photomultiplier tube were 
driven by a synchronous motor with a speed of 10 r.p.m. 

the emitted light 


TABLE n 


Investigator 


Spectrograph used Spectral range Film used 


Meinel and Fan 
(1952)* 

McDonald Observatory 
Nebular spectrograph 
with a solid Schmidt 
camera. Dispersion 

4 00 A/mm at H 

a ’ 

35 00-5000 A, the 
ultraviolet spec- 
trum beyond 
3700 a was hea- 
vily absorbed. 

Eastman Kodak 
103 aF (3) plate 


385A/mm at and 

P 

335A/mm at . 



Fan and Meinel 
(1953)» 


3500-6800A 


Branscomb tl d 
C1952^)**i« 

Qjiartz spectrograph 

2800-5000A 

103‘0 plate 


[ 236 3 



TABLE II— (fijjsfif.) 


Investigator Spectrograph used 


Fan (1955,56tf, Same as used by 
55^j5f7,8 Meioe! and Fan 

(1952). 


Oieterich (1956)3 


Carleton (1957)i3 


Nicholls and 
Pleitcr (1956)6 


Nicholls, Brom- 
ley and Reeves 
( 1959 ) 1 * 


Sluyters, Kiste- 

maker (1959)13 


Reeves, Nicholls 
and Bromley 
(1960)1* 


Kipp liquid spectro- 
graph with an //2 
camera having dis- 
persion IOO-9COA/mm. 

Same as used by Diete- 
rich and also auroral 
spectrographs with a 
Jl I Schmidt camera 
and a dispersion of 
140A/mm in the first 
order and of 40/mm 
in the third order 
violet. 

Frism spectrograph 
with a camera aper- 
ture of //2 and a 
reciprocal dispersion 
of 130A/mm at 4000A 
and 1400A/mm at 
8000A. 

Prism spectrograph 
with camera aperture 
ofjf/l*land a recipro- 
cal dispersion of 130A/ 
mm at 450A. 

Vacuum Spectrograph 
with a concave alumi- 
nium grating with 600 
lines/ mm (dispersion 
17A/mm). 

(fl) Prism spectrograph 
used by Nicholls ei 
al (1959). 

(b) A Hilger //4 spec- 
trograph. 

(c) A 1*5 meter Bausch 

and Lomb grating 
Spectrograph. 

(d) A Photon counting 
grating spectrograph. 


Spectral range 
3700-9000A 


4000* 8000 A 


4200-8900A 


Ultraviolet to 
9000A. 


3800*8000A 


iO00A-650OA 


3500A-9000A 


Film used 


Eastman 103 aF 
(3) for 3700- 
6800A & IN 
hyper sensiti- 
sed for 6300- 
yOOOA. 


Eastman IN, 
103aF and pro- 
cess plate. 


Kodak HIR 402 
film (IN emul- 
sion). 


EMI 6256B 
photomuitipicr 
tube is used* 


Kodak IN Plate. 
RGA 1128 
Photomultiplier 
tube is used. 
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2.3 Ikstrimeiitatioii 


The experimentai arraagemeats for excitiog spectra of gases by ioE bombard- 
ment as used by the four groups of investigators are given below : 

In the early stage of observation Meinel and Fan^ used a 26 cm. long collision 
chamber attached to an ion accelerator. A differential pressure below 1 mm of 
Hg was maintained between the accelerator and the collision chamber by 
inserting a thin nylon window at the place where the ions entered the collision 
chamber. The nylon window was coated with aluminium deposited in vocuum. 
The pressure of air inside the collision chamber could be varied from 0.1 to 0.3 mm 
of Hg, spectra were excited mostly at 0.3 mm pressure by 230 Kev proton 
bombardment. 

Subsequently, Fan and MeineP modified the chamber so that the spectra 
excited by ion might not be contaminated by the spectra arising from electrons 
which are pr^uced at the slit of the collision chamber. The collision chamber 
which was 4 inches in diameter and 36 inches long (Fig. 2.2), was attached to the 
Kevatron of the Institute of Nuclear Studies, University of Chicago. High energy 
ions (H+, Ne+) were allowed to pass through a diaphragm with a 1/4 inch 

hole at the centre. Finally, before entering the collision chamber, ions passed 
through a SiO window of 1/16 inch diameter and coated with a thin aluminium for 
preventing damage from heating. The size of entrance slit was slightly smaller 
than that of the window so that ions which passed through the slit, could enter the 
collision chanaber. To prevent secondary electrons being ejected from the window* 
(backward ejection) and also from the slit (forward ejection), the diaphragm was 
negatively biased with respect to the ground. A pressure of 0.3 mm. was main- 
tained in the collision chamber and several spectra were excited at different ion 
energies ranging from 40 to 400 Kev. 

Later ^ Fan^ excited several spectra in air at a pressure of 10*® mm of 
Hg by He'*' ion bombardment. After being magnetically analyzed, the mono- 
energetic He** beam was fired through a 1/16 inch hole into the collision chamber. 
At a later stage, Fan’^® maintained a difference of pressure between collision 
chamber and the rest of the system by means of differential pumping instead 
of using a window (Fig. 2.3). The collision chamber was insulated from the 





accelerator so that for the measurement of beam 
as a Faraday cup* He also used a set of 
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current, it could 
two diaphragms 


be considered 
to prevent the 



by°°H+ h?"! Th= spectra were excited 

pLtSr eS-rim»nKa 0-^ ‘-aicroa pressure. 

rmcacr experiments^ were carried nnt with th^ \f p ^ ^ . Xt . / 

Laboratory (Fig. 2.4). Air Dressurr in S rL. r 

/ \ s — *”^ir pressure la tne ran^c of 0.1 to iO mm 


wm 



maintained by means of differential pumping. Precautions were also taken so that 
spectra mght not be excited by secondary electrons produced at the sidewalls of 
the collision chamber. 

Instead of using an accelerator, Carleton^® and Dieterich^ used a M.R.G. 
source followed by electrostatic lenses (Fig. 2.5) and excited spectra by low energy 
proton bombardment.^ As mentioned previously, in this type of source ions were 
produced by an r.f. discharge and were accelerated towards an exit of 1/16 inch 
diameter by a d.c. bias of 1-5 Kev (Dieterlch used 2.5 Kev bias). The beam 



Fig. 2.5 The experimental arrangement used by Carleton and Dieierich. The ion beam 
produced from a M. B. G. source was collimated into a parrallel pencil of 1/4 inch diameter by an 
ctetrostatic lens. It was afterwards ma® analysed by a combination of electric and magnciic fields and 
was again focussed by a second <dcctrostatic fens before entering the coffisicai chamber. 
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was tlicE collimated into a parallel pencil of 1/4 inch diameter by an eicctrostatic 
lens of special design^^ Thereafter, it was mass analysed by a combination of 
electric and magnetic fields and was focussed into a 1/16 inch aperture by a second 
electrostatic lens placed before the collision chamber. The pressure inside the 
collision chamber could be varied from 0.5 to 50/^, whereas within the ion source 
the pressure was from 10 to 20 microns. A pressure of 2x10”^ mm was main- 
tained by a differential pumping between the portion of the apparatus connecting 
the ion source and the collision chamber. 

In the arrangements used by Nicholls and Pleitcr^^ protons from Van de 
Graff accelerator were fired into a 50 cm long collision chamber through a thin 
titanium foil of thickness O.COl inch. The collision chamber was a part of a 
dynamic vacuum system where gases were leaking at a controlled rate. They® 
observed spectra excited by ions in Nq, 0^, air and argon at a pressure 
5-40 microns. In a latter experiment,^*. Nicholls et al excited spectra in N, 
and Og by monoenergetic proton beam of 0.5-1 Mev energy. Spectra in Nj were 
excited by 1 Mev proton at three sets of pressures, 63 to 150 microns, 5 to 20 mm 
and at atmospheric pressure. Spectra were also excited by 1/2 Mev proton in 
Ng at 150f4 pressure For oxygen, the spectra were excited only at atmospheric 
pressure by 1 Mev protons. 

experiment. Reeves, Nicholls and Bromley^^ excited spectra 
of N, by^H*^, (.5 to 1.5 Mev.) at pressure below In order to 

oltoin higher beam intensity (5/*a) than those used in previous experiments, a 
differential purnping system was used. Previously a metallic window was used to 
separate the collision chamber from the accelerator system. 

A small amount of work was carried out at Rice Institute, Houston, Texas by 
an arrangement shown in Fig. 2.6. The spectra of nitrogen produced by proton 


\ Am 



bombardment in air at 15 cm. of Hg and also at 4, 1 .7 and 0.8 cm of Hg 
and Bonner* were analysed by Branscomb. 


by Shalek 

Sluyter it al investigated the excitation of inert gases by Af"*" ion bombard- 
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ment. A monoenergetic beam of Ar'*' ions (current 0*1 /^a/mm and energy 5 
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Kev) was obtaiiwd from Amsterdam Isotope Separator. These ions pass through an 
entrance sht (5 X 5 sq mm) of a chamber containing two rectangular dianhragms 
©i dimension 4 X 4 sq mm maintained at positive potentials with respect to the 
sht and as a result secondary electrons were suppressed. The beam was then allowed 
to enter a collision chamber containing an electrode system mounted f,n a steel 
support. A voltage across the Faraday cage, which was placed at the end of the 
collision chamber prevents reflected particles to reach the mcamiins section. A 
vacuum spectrograph described in section 2‘2 was mounted prependicular to the 
colluion chamber. A concave aluminium grating entrance slit and exit slit lie on a 
circle of one meter diameter Paschen Runge mountinz. The angle of incid-nce 
of light on the grating was IS”. The entrance slit and grating were fixed. The 
exit slit and the E. M. I. 6256 B photomultiplier tube were mounted at the end of 
a steel lever arm, which was made to rotate around the cer.t-r of the circle bv a 
synchronous motor with a speed of 10 r. p. m. Several scanning speeds between 
^ ^ 7-c j employed. The signals from the muitiplier tubes were 

amplified by a d. c. amplifier and then recorded. The radiation from the coliision 
chamber was photographed through a thin LiF window of Om mm thickness mounted 
between spectrograph and the collision chamber. To increase the limit of spectral 
observation from 1600 to 1030 A sodium salicylate fluorescent screen was placed 
between the tube and the exit slit. 


CHAPTER III 
EdtPERIMENTAL RESULTS 

As already mentioned in the Introduction that four groups of investigators are 
presently engaged m excitating spectra by ion bombardment. The interest of two 
groups of the investigators, namely of Meiael and Fan*-®'®-'*® and Garletoa 
was to elucidate the mechanisms for the excitation of auroral spectra On the 
other hand, the third group headed by Nicholls*-**-^* and Siuyters d arc 
mterested in finding characteristic of the spectra excited by ion' bombardment. 
Garleton obtained spectra of Nj excited by low energy proton bombardment, be- 
cause he thought that although protons are emanated from the sun with high 
energy, when these come down to auroral heights they would have lost a large part 
of their energy so that low energy protons may excite auroral spectra. 

The spectra excited by Meinel and Fan consisted of 1st and 2nd positive 
systems of N„ 1st negative and Meinel systems of N+, Balmer lines of H and also 
ionized aM neutral atomic nitrogen lines. As in the spectra obtained by Meinel 
and Fan, Garleton obtained 1st and 2nd positive systems of Nj, 1st necrative and 
Meinel systems of Nj'*’, Balmer lines of H and neutral atomic nitrogen lines but no 
Nil lines. Nicholls, Reeves and Bromley obtained 1st and 2nd positive systems 
of N„ Na+ 1st negative and Meinel bands, but no NI and Nil lines or Balmer lines 
ofH. On bombarding Oa, they observed only neutral and ionized atomic exvgen 
lines but no band systems or Balmer lines of H, ' ° 

We shall now describe in detail the spectra obtained by these four group of 
workers and also consider the spectra excited by canal rays. 

3*1 Work ai Tetkes Obseruaiorj 

^ Meinel and Fan^'^ anl Fan^'"^*® took several spectra of air at pressures 
iranging from 0*3 to ICH mm of Hg excited by .proton bombardment of energy 
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5-350 Kev* Tliey also observed spectra of air excited by He’^* of 10450 Kev io^ 
caergYs D+ of 75-320 Kev ion energy and by 400 Kev Ne+ ion bombardment. The 
characteristics of these spectra will be presently discussed. 

In 1952, Meinel and Fan^ began their investigation on the excitation of 
spectra in air by proton bombardment. In the first two years, they bombarded 
air at a pressure of 0*3 mm of Hg with 40-230 Kev protons and observed spectra in 
the range 3500 - 6800 A. They recorded Balmer lines and Hy^ some 

bands of Ng 1st positive system, second positive system of N 2 , first negative system 
of and certain singly ionized nitrogen lines (XSOOS, \ 5680, x 6482) (Fig. 3*1). The 



Fig. 3.1 Three early spectra in air (0.3 mm of Hg) obtained by Meinel and Fan by proton (energy 
5-350 Kev) bombardments. Within the observed range 3500 — 6 300 A, they recorded Balmer lines Ha 
some bands of 1st positive system of N^, 2nd positive system of 1st negative system of 
and certain Nil lines. * 


intensity of 2nd positive bands was very low compared to that of 1st negative 
system which has the strongest feature in the spectra excited in air produced by 
bombardment by high energy protons. They could not observe neither Meinel 
system nor 1st negative system, because due to the low energy electrons which 
are produced as secondry electrons by the bombardment of ions on the window and 
walls, strong 1st positive band system of Nj are excited. Hence, Meinel and 
1st negative bands are obscured by the 1st positive system which appear in the 
fame spectral region. 
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Later on m 1956, Fan'^’* m<Kiified the experimental arrani^ementa in order to 
reduce the emission of secondary electrons and observed N 5 + Meinel and O/ 1 st 
negative system m addition to those observed previously. {Fig. 3-2) (In the ^cn- 



Fig. S.2 The spectra obtained by Fan after modifying the experimental arrangments in SMch a 
way that the emission of secondary electrons is reduced. Note that Meincl and 1st iifgative 
systems appear in addition to those observed previously. (The upper spectrum was excited by 20 Kev 
and the lower by 300 Kev proton bombardments.) 


ded spectral range neutral and atomic nitrogen lines A8188, X868I, X8712 and sinsly 
ionized atomic oxygen lines were also observed.) 

From the apparent difiFerence in lateral intensities. Fan® observed many O + 
1st negative bands, and indentified two additional O./, \6684 (2.4) and X6777 fl 3) 
bands which are not observed by Singh and Lai^^® in the spectra produced by d’is- 
charge in O^. ^ 

Comparing the spectra excited by 20 Kev protons with that by 300 Kev 
proton in air (Fig. 3'2), it is found that the ratio of intensity of Ng"*" Meinel system 
to that of Ng+ Isc negative system is very low by low energy proton relative to the 
high energy proton bombardment. 

Hydrogen lines and arc present in every spectra obtained by Fan and 
Meinel*>»>®'’^>®. Hy is only detectable in the spectra excited by high energy proton 

bombardment. Lines at X5004, X5680 and X6482 of ionized nitrogen atoms are the 
strongest features in every spectra of H+— air. Meinel and Fan also observed some 
neutral nitrogen lines in the infra-red region viz. X8188, X8681 andxS712. Lines 
at x7774 and X8466 of neutral atomic oxygen lines are easily detectable. 
The intensity of X7774 OI line by high energy proton bombardment is 
comparable to the intensity of X '828 (2,0) of N 2 + Meinel bands, and is higher 
compared to those of neutral nitrogen atomic lines m the infra-red region. 

For spectra of He+-air, Fan and Meinel® and Fan® observed all the bands 
and lines present in spectra excited by proton bombardment. In earlier experiments. 
Fan observed only X5878 and X 8678 of He I normal and Doppler shifted lines 
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(Fig. 3.S) In I956j be also identified the line X?889 Hel line in tbe' spectra in air 



Fig. 3.3 The spectra excited by Fan by bombarding air by 10 Kev He+ ions. The upper spectrum 

was taken at air pressure about 10 mm and the lower one at about 10 mm. Note the presence of X5876 
aod X6878 lines of Hel and associated Doppler shifted lines. 


excited by 196 Kev He* ion bombardment (Fig. 3.4). In some of the spectra, 



Fig. 3.4 The spectra obtained by Fan by bombarding air by 195 Kev He4 ion. Note the presence 
of X3889 HI line. The upper two spectra arc the same as given in Fig. 3.3. 

ibey also observed H ^ and lines, wbicb may be due to the presence of minute 

amount of hydrogen in air. The intensity of bands excited by He+ ion bombard- 
moit is nearly twice that obtained by proton bombardment of same velocity At 

a pressure lets than 1 micron, stationary Hel lines were not excited. 
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*rhe spectra e3:cited by tbe bcmbardment of 4(X!l Kev irjns and of 

ions of energy 75-S20 Kev in air at 0.3 mm cf Hg were observfd in tlie iikraviolet 
and visible regions (Fig. 3.5). All the prominent bands of 1st and 2Ld positive. 



Fig. 3.S The spectium obtained by Fan aid Kidcel by bembarding air (0.2 mml by 400 Kev N^+ 
ions. It is to be noted that 2nd positive, X.^“ 1st negative and ceitain XII lines (xSi04, x5&S0 and 
X6482) are present in the spectxum. Xo Xe line it recorded. 


N/ 1st negative and X5004,X5680 and x6482 Nil lines are present. No Ne line 
was observed. 


3.2 Work at Harvard University 

Since 1952, laboratory study fer the excitation of N 2 bands by proton 
bombardment has been in progress at Harvard Uni vers 11 y. The first work was 
carried out by Branscomb et who were interested in the excitation of 

Ng bands by tbe incoming protons from the sun. These protons should have 
energy between 100-150 Kev in order that they may penetrate to the auroral height 
(around iOO Km). In tbe earlier experiment,^® they excited spectra of at a 
pressure of 15 cm of Hg and observed in the spectral range between 2500 and 
5000A, ail the prominent members of the second positive system of Nj and (0,0) 
band of the first negative system of Later on the experiment was repeated^ 

at a few millimeter air pressure and spectra were excited by proton as well as 
by neutral H atom bombardment. In the range 2500-5000A, they identified 
the presence of 27, second positive system of and 7 first negative system of N/ 
(Fig* 3*6). No atomic lines or spectra were observed. 



Jig. 3.6 The spectra obtained by Shalek an! Banner by 150 Kev proton and H atom bombard- 
ments in air at pressures 14.8 mm and 32 mm respectively. On analysing 'the spectra. Branscomb ^foci'Eid 
that these spectra contain 2nd positive systan of 1st negative system of but no atOHoaic lines or 
bands. 


By bombarding He with 2 Kev proton and Dieterich® observed only 

line. In one of the plates, he identified X5876 Hel line. For 2.4 Kev H'^or 

ion bombardment in N^ at a pressure from 10 to 50 micron of Hg, Gerleton^® 
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observed 1st and 2iid positive systems of N„ 1st negative system and Meinel systems 
of N,+, permitted NI lines and Balmer series of hydrogen atom (Fig. 3,7a). The 



Fig. ZJa The spectrum obtained by Carleton by bombarding at 20 micron pressure by 2.4 
Kiev proton. Note that Ist negative band system appears with great intensity. 

most intense band is that of 1st negative system of Next in order of intensity 

are 1st positive' system of N 2 , Balmer series of H, Meinel N.j* system* NI lines and 
2nd positive system of N 2 . Gross sections for excitation of 1st negative band and 
Meinel systems of Ng'^ first positive system of Ng and NI lines around X8210 for 
proton bombardment are given in Fig, 3.7b. 



3.7^ Ote^s-seedans tac excitation of 1st negative band and Meinel systems of N^+ fct 
system of Nj| and M I lines around xB210 for ptoteA bombardment* 
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tn the^spectruin taken fay Garleton*^, NI lines were not fully resolved from the 
nearby ^ Meinci band of NI lines were identiied by indirect process, viz. by 
comparing ilie spectra obtained by bombard men: with those of glow discharge 
specf.'um taken on HiJgsr spectrograph. At the sigg-esticn of Prof. Oidciiberg, 
Garlcton escited^a glow discharge in the collision chamber at slightly bigiicr than 
^iial pressure with the beam cut off* Spectra of the discharge recorded with a 
spectrograph, showed the NI lines in the same position and unresolved in the 
same way as for ion bombardment. But on recording the spectra of the glow 
ischarge on Hilger spectrograph, he was able to identify two clearly resolved 
nes X8i81 and X868i and aiso' observed H and H lines. 

T 


3.3 Work at the University of Western Ontario 

In 1956, Nicholls initiated laboratory study for the excitation of different gases 
by ion bombardment at the University of Western Ontario. He and his associates 
bombarded N 2 , Og? ^lir and argon by 2—1 Kev Li’^ ions®. For N* and air they 
observed NI, Nil and NIII lines and ist negative system. The absence of 
positive systems^ of N^ which has been observed by others by proton and Hc”^ ion 
bombardment in air clearly shows that by the bombardment of Li*** ions of 2-4 
Kev energy in air or nitrogen, no ionization is produced . By bombarding O* 
and air by Li% neutral atomic 'cncygen lines were observed* On bombarding argon, 
Nicholls et al observed AI and AH lines. Neutral Li atomic lines are present 
in every spectra. Sodium lines are also present as impurity in nitrogen spectrum. 

Nicholls et aP® bombarded nitrogen by 0.5 and i Mev proton at different 
pressures and observed N* 1st negative, Nt 1st pc^itive, N^ and positive and N* 
G.G. system. No HI^ NI or Nil fines were recorded ^Fig. 3,8). 



Fig. 3.8 Spectrum obtained by Nkbolls d al by bombarding at 150/4 pressure with I Mev 

pCOtCKI* 


Reeves et also bombarded Nj by 0.5 to 1.5 Mev H/, and Hj* at 
pressures below lOOfi and observed N,* (1st Negf ive and Memel}, N, (1st and 
^pcsitive) bands. Several lines of NI and Nil were also observed in some 


• It hM been observed by Fan that N» 1st and 2Dd positive systems are mainly excited by 

secondary electrons produced by ioimatk>o of Ns by ion bcmbariJment For Li"^ bombardment, no 
positive S 5 ^tem was observed which indicato the absence of production of secondary electrons by 

kmisation of Ng. 
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cases. In ion bombardments very weak and lines were also observed, 

Hicliells ct found that compared to the spectrum excited by discharge, 
a protoa-indnced spectrum has the following characteristics, 

L The bands arising from 5' = 0,1 level (B^S) of 1st negative system of N/ 
and those arising frem c' =0,1,2, level of N2 (G Stt) of 2nd positive system are 
enhanced in proton-induced spectrum. 

2. The^^8,5) 1st positive bands in the proton-induced spectrum has much 
lower intensity relative to its neighbour (7,4), (6,3)j (5,2) and (4,2) as compared to 
those produced by discharge. 

Nicbolls et al^ also observed that in a proton* induced spectrum^ the., 
intensity of N2 2nd positive bands relative to the adjacent ist negative bands 
steadily increases with pressure upto atmospheric pressure. Furthermore they 
have found that for 1st positive bands of Ng by 1 Mev proton bombardment in N^, 
the intensity decreases between the pressure range 63^ and 5mm of Hg, and 
afterwards with higher pressure the intensity remains practically unchanged upto 
atmospheric pressure. No such variation has been observed for 0.5 Mev proton 
bombardment in N.,. 

For O2 bombardment by 1 Mev proton at atmospheric pressure, Nicholls et 
al^ observed only OI and OH lines (Fig, 3,9). These lines are however less in 



Fig. 3.9 Spectrum obtained by Nicholls ei al by bombarding at atmospheric pressure with 
1 Mev proton. 


intensity compared to nitrogen bands excited in Ng by proton bombardment. 
The identified lines and their multiplicities are given in the table III. 

Some unidentified weak lines of Ol and OH are also present in the blue and 
infra-red region of the spectrum. No H lines, and bands due to Og and O2+ arc 
recorded in the spectrum. 

The spectra excited by proton bombardments in different gases as observed 
by the three groups of investigators are summarised in Table IV and the spectra 
obtained by ions other than proton are listed in Table V, ^ 


3,4 Work at F.O.M. Laboratory of Mass spectrography, Amsterilam 

In 1959. Sluyters et excited spectra in inert gases (He, Ne, Ar Kr and Xe) 
by bombardment of Ar+ ions of energy 5-24 Kev at low pressure (1 Op) and observed 
them in the spectral range between 1000 and 6009 A. They identified nemtral 
and ionized lines of argon and those of bombarded gases* The lines identified in 
different gases by bombardment of Ar+ arc given below : 
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Ga$ Spedfa 

He All (52). Hel (6) 

Ne AI (30), Nel (5), Nell (4) 

Ar AI (19), All (120), AIII (10) 

Kr AI (12). All (60), AIII (8), KrI (13), Krll (64), KrIII (24) 

Xe AI ( 12), All (82), Xel (5), Xel 1(10), XIII (14). 


The number in parentheses denotes the number of identified lines. 


T.\BLE III 


The identified line* obtained by IMev proton bombardment in O, at 

atmospheric pressure 


Wave length 
(A) 

IdentificatioQ with 
multiplicity 

Wave length 
fA) 

IdentiScation with 
multiplicity 

3947 

OI (3) 

45904596 

011(15) 

3954 

OI (30) 

4641-4661 
(5 lines) 

011(1) 

4069-4076 
(4 lines) 

4119 

OH (10) 

on ( 20 ) 

4699 

4699-4705 

on (40) 

on (25) 

4185-4190 
(2 lines) 

OH (36) 

7156 

OI (38) 

4275 

on (67) 

7254 
(3 lines) 

OI (20) 

4277 

on (68) 

7473-7480 
(4 lines) 

OI (55) 

4317-4319 

on ( 2 ) 

7722-7775 
(3 lines) 

OI (1) 

4347-4351 

on ( 16 ) 

7943-7952 
(4 lines) 

Ol (35) 

4367 

on ( 2 ) 

7981-7799 
(3 lines) 

OI (19) 

4368 

on (5) 

8221-8235 
(7 lines) 

OI (34) 

4415-4417 

on (5) 

8446-8447 
(3 lines) 

01(4) 

4465-4469 

on (94) 
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TABLE IV 


Investigator 

Proton- 

energy 

(Kev) 

Bombar- Pressure 

ded gas (mm* of Hg) 

Observed 

spectral 

region 

Excited spectra 

Meinel and 
Fan (1952) 

230 

air .3 

3500-5000 

Na"*" (1st Neg) 

Na (2nd Pos) 

Fan and 
Meinel (1953) 

40-230 

air .3 

3500-6800 

Na (1st Neg), Nil, 
N^,H^,H^, N, (1st 

and 2nd Pos) 

Fan (1956a) 

5-350 

air (1- . 1) X 10-3 

3700-9000 

Na* (1st Neg)N2 (2nd 
Pos) Nil, NI, Na (1st 
Pos) Na"*" (Meinel), 

«« 


Fan (1956b) 5-350 air 


N, 


air 


Hj, He 


Shalek et al 
(1954) 

Branscomb 100 to 150 
et al (1954) 

Dieterich 2 

(1956) 

Garleton 2.4 

(1957-58) 15-4.5 


Nicholls 1.000 Nj 
et al (1959) 


500 

1,000 Oa 

Reeves et al 500— I,(K30 Nj 

(1960) 


8-150 

a few mm 

10 -® 

(.5-50) 

XlO-3 


(63-150) 

X 10-®, 5, 25 
and Atmos- 
pheric 
Pressure 
5-20, 
.15 

Atmospheric 

Pressure 


,, N3+ (Meinel) Ng* (Ist 

Neg) Na (1st and 2nd 
Pos) 01 (7774, 84^6), 
NI,NII; Oa(lst Neg), 

«« 

2800-5000 Na (2nd Pos), 

N./ (1st Neg 0.0) 

,, Na (2nd Pos) 

Na* (1st Neg) 

4000-8000 H 

/8 

4200-8900 Na+ (ht Neg), 

Na (1st Pos), 

Na+ (Meinel) NI, 

Nj (2nd Pos) 

3800-8500 NaMlstNeg). Na(lst 

and 2nd Pos) 

Nj (G. G) 

>» >9 Na* (1st Neg), 

Na (1st, 2nd Pos) 
i> 99 01, 011 (See Table 3 


^^PrTssure^ & Meinel), 


N, (1st and 2nd Pos)! 
NI and Nil lines 


Strong neutral nitrogen lines are X8l88, x8686 and \8712. 

Strong singly ionized nitrogen lines are X5004, X5680 and X6482. 
Na (O. G) is green Gaydon system of Nj. 
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The spectra obtained by ions other than proton as observed by three groups of investigators 
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Except for AIII, KrIII and Xelll, most of the spectra were detected in 
the spectra! range between 3000-5800 A, AIII lines were present in the far and 
extreme, ultraviolet region. The probabilities of different optical transitions as 
function of energy of the ion beam were measured and the absolute emission 
cross-section of the corsponding spectral lines were calculated by using the formula, 

: ^ - a iNkvX) 

where, 

oj — ^solid angicj in which light of the observing section radiates within grating 
surface 


s — output of the multiplier in amperes 
I — number of interact iong ions /cm^/sec. 

number of atoms in the measuring section 

quantum efficiency of the spectrograph in amp. sec/ quantum. 


Using the above formula, the emission functions of All lines (X 4610, X4658, 
X4765 and X4806) were calculated for Ar+ ions bombarding He, Ne and Ar. Also, 

the emission functions of All (X4806) and Xell (X 2475) for Ar+ ion bombarding 
Kr and Xe were calculated. 


3*5 Spectra Excited by Canal Bays ^ 

In canal ray experiments, ions are created by discharge in the same gas whose 
spectra are excited. In other words, in these experiments within the same tube, 
the ion source and the collision chamber which contains the bombarding gases are 
located (Fig. 3.10). 


COLLISION 



MAtmiETER 


■ __ Fig. 3.10 Illustradng the ariangment for exciting spectra by canal rays, 

CoUsioo chamber km source is located. ' 


Note that vrithin the 
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_ As early as 19,36 Stark and Herinana*^ excited spectra bv canal 
nitrogen. Later on m 1912 at Wurzburg Laboratory, Vsgard®* recorded 
excited by canal rays m oxygen and nitrogen tigeth r with tae comparison 
of oxygen and nitrogen negative glow (swift electron, and nitrogen positive 

(slow electron excitation) (Fig. 3.11). ^ 
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In 1930, Symth and Arnott^^ throughly studied canal ray excitation in 
nitrogen in the spectral range 2I00 5990A and measured the intensities of 
negative and second positive band systems, which arc compared with those 
obtained in discharge and by 700 ev electron bombardment in nitrogen (Fig. 3,12 
Spectra of nitrogen discharge glow was also photographed. 

With a view to deciding whether the 1st negative band system of Ng* in aurora 
are pcited by ion or electron bombardment, Vegard and Raastad^^ in 1 950 studied 
the intensity distribution within the 1 st negative band system of N 3 + produced 
by bombardment of canal rays in and those of negative glow (Fig. 3.13) and then 
compared these with the ist negative bard system of N/ in aurora* They 
concluded that the auroral intensities for the two sequence v==l and 2 agree with 
hose prqduced by canal rays. For the sequence v=o, the intensity in aurora and 
tnegative glow agree perfectly well. 

Vegard et were also of opinion that some of the bands and Hues in aurora 
might be excited indirectly by transfer of energy from metastable states (collision 
of second kind). With a view to verify this assumption, they compared the inten- 
sity distribution in the discharge in pure and N| mixed with He (metastablc 
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stales of Me have sefficicotly high energy to excite Ng* 1st negative bands) and theft 
mm^Tcd these with that of nitrogen 1st negative bands excited by canal rays of 
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Fig. 3.12. 

Spectra excited by Smytb 
and Amott by canal rays 
in nitrogen. Spectrum 
(^i) is produced by canal 
rays (5500 Volts),- (5) by 
discharge used as^the 
source of canal rays and 
{e) by 700 ev electron 
bombardment. 
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atoms produce an enhancement of band of higher vibrational quantum number 
compared with that by swift electron (negative glow) in pure The disfribiitioa 
produced by He"^— coliision^is similar to that produced by canal rays. They also 
observed that the relative intensities of bands of higher vibrational quantum 
number within a sequence increases directly with the energy of canal rays. 

In Table VI the characteristics of the spectra excited by canal rays are 
collected. 


3.6 Spectra Excited by Higli Energy cc-partscles. 

The spectral composition of the feeble light arising from ihe passage of 
energetic ions through gases may lead to an understanding of the processes by which 
ions lose energy during its passage through ^ases. Witii this view in" mind, 
certain spectral abservacions of air bombarded by cc — particles have been carried 
out* Thus, William and Huggins^^ excited spectra in air bv a — particles emanated 
from radium and made observations in the spectral range 26j0-ld03A and observed 
Nj 2Dd positive and N/ 1 st negative band system?. Ortner and Salirir’^ also excited 
air by o:-particles from a 4 me. source of Polonium and identified OI i3948, 3947), 
011 (4304,4295, 4076, 79, 85, 89, 83 and ^945), XI and XII lines, X, 2nd 
positive, N 31 + ist negative system and some contiaua. 

; _ In 19573 Nicholis and Reeves^® studied the luminescence produced in air by 
Polonium 210 «-particle. 28 me a-pardcle source of Polonium 210 w^as used and 
the spectrum was recorded on a 8 mm film with an exposure of ten days. 


Fig. 3.1 5 

The spectrum with the 
microphotometer tracing 
of luminosity produced 
in air by 28 me. a-particle 
source of Polomum-21. 
The spectrum consists of 
Ng 2nd positive, 1st 
negative band systems. 
No atomic lines (neutral 
or ionized) of oxygen, 
nitrogen and helium 
were observed. 



Atypical spectrum with the microphotometer tracing is given m Fig, 3.15. In 
the range 3bO0-480OA of a typical spectra, the spectrum consists of Xj 2ad positive 
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TABLE Vi 


Ittvesligator 

Type of 
canal rays 

Spectral 

range 

Excited spectra 

Stark and 
Heemann (1906) 

Nitrogen 

3500-5500 

Ng-*- (1st neg) and N.^ (2nd pos.) 

Vcgard (1913j 

Nitrogen 

3550-5200 

Ng* (1st neg), N., (2nd pos), NI 
(4670, 60, 26, 4344, 422 16, 08, 4167, 

52, 46, 10, 4100) 

Nil (5005, 4678, 4331, 21, 14, 07), 

OI (4530, 4488, 65, 47, 42, 33, 27, 
4242, 37, 28, 4180, 77, 72, 46, 4082, 
73,44,42,36,26, 3995). NIII (4524, 
4379), 


Oxygen 

3y 

Oa+, {1st neg), OI (6456, 6158, 

5436, 5331, 5019, 4968, 4802, 4773, 
4368), on (4861, 4752, 05,00, 4676, 

62, 50, 42, 09, 03, 4597, 9 1 , 79, 71 , 53, 

17, 15, 4379, 51, 49, 47,4343, 39, 34. 

27, 20, 18, 05, 4295, 92, 88. 85, 80, 77, 

55, 4190, 86, 83, 55, 19, 4098, 92, 89, 

87, 84, 75, 72, 70, 61, 3972, 60, 45). 

Smyth and 
Arnott (1930) 

Nitrogen 

2100-5990 

Na* list neg) 31 band, N* (2nd pos) 

40 bands. 




NI 




Nil 




Hg, A1 and Cu lines 




Above 4708A, there was very little 
spectral feature. It is to be noted 
that the dispersion of E315 quartz 
Hilger spectrograph which was used 
for recording is small. Al, Gu lines 
are present as impurity. Some 
faints bands in the neighbourhood of 
X2500 (possibly from 4th pos. system 
of N,). 

Vcgard and 
Raastad (1950) 

Nitrogen 

3900-5700 

Nj+ (1st neg), Nil (5699, 5005, 4640, 
4528,4431,4240, 4175, 4041, 3960) 
lines. The identification for these 
lines are given by Vegard. 
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and Nj*** 1st negative band systems. No atomic lines of NI, Nil, OI^ OH, Hd, 
Hell, were observed. The N/ 1st negative band system has approximately 
the same intensity distribution as observed in a discharge in He-N| mixture. The 
Oand i level of G^F state of Ng 2nd positive system is enhanced compared to 
th«e obtained in a discharge through Ng. 


CHAPTER IV 

Mechanism for Excitation of Spectra bv Ion Bombardment 

We have seen in Chapter III that by bombarding air, Nj and O3 molecules 
by ions two types of spectra are excited : (a) that of bombarded gas and (b) that 
due to bombarding ions. The spectra of the bombarded gas consist of ionized 
band systems of (ist negative and Mcinel), band systems of Ng (ist and 2nd 
positive), band system of Og’*’ (1st negative), atomic lines (neutral and ionized) 
of nitrogen and oxygen. No neutral band systems of Og are ofeerved. The 
spectra due to bombarding ions are the atomic lines resulting from electron 
capture by bombarding ions. 

Before we consider the mechanisms for the excitation of spectra in gases by 
ion bombardments, we shall briefly discuss the processes which lead to the excita- 
tion of gas molecules by ionic impact, namely 

(i) Charge exchange with excitation 

(ii) Charge exchange followed by dissociation and excitation 

(iii) Ionization with excitation 

(iv) Ionization followed by dissociation and excitation 

(v) Mutual neutralization leading to excited atoms and molecules, 

4.1 ColKsional Processes Leading to the Excitation of Gases 

(a) Charge Exchange. 

Several reviews of this process^^“^^ are available and may be consulted 
for fuller information. 

Briefly, this process consists in neutralizing an ion and ionizing the collided 
neutral particle. Such a reaction involving diatomic molecules can be represented 
as follows : 


A++Bg-^A+B/±AE 
A'^-+Bg->>A + B++B± 

where is the incident ion and is the molecule which is being bombarded by 
the ions. The products of the reaction may be in excited states. 

The above process is of fundamental importance in ion transport phenomena 
for two reasons, (I ) the change of energy envolved in the process is considerably 
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less than that for pure ionization, and (2) negligible kinetic energy transfer takes 
place between the incident ion and the ion formed by charge exchange*-^ Whereas 
in pure ionization the incident particle must possess an amount of kinetic energy 
at least equivalent to the ionization potential of the struck particle, in ctiarge 
exchange the energy change is just the difference between the ionization potentials 
of the two particles (assuming them to be in the ground states). Thus, a charge 
exchange process may occur when the incident ions have very small kinetic energy. 
Experiments have shown that ions formed in a. change exchange reaction have much 
less than 1 volt energy even when the incident ions^ are of very high energy.^®^34 
Therefore* the kinetic energy of the neutralized ions (atoms formed by charge 
exchange) is usually much larger than that of charge exchange ions* 

For a large number of charge exchange reactions, it has been found that the 
cross-section becomes maximum in the region where the adiabatic condition®^ 
holds, namely ^ 

a 1 AE j / hv;;:; I 

where, . - 

a — interaction distance (usually 7 A) 

AEr— difference between ionization potentials of colliding particles 

V — velocity of incident ions. 

Fan^ has shown that for endothermic reactions, the cross-sections for charge 
exchange reactions is maximum for the energy of the incident ions given by 

where, 

M — mass of the incident ion 

m — electronic mass 

Q. (<0) — the difference of binding energies of electrons in the two states 
before and after being captured. 

Nicholls and Pleiter® hold that if, in a charge exchange reaction the time of 
a collision is comparable to the period of internuclear vibration, a violent pertur- 
bation of the internuclear motion occurs thereby producing dissociation and 
electronic excitation. They further state that charge exchange with dissociation 
becomes predominant if 

where, 

/—number of half periods of internuclear vibrations during which ion crosses 
the molecular diameter, 

M— ionic mass in atomic weight unit. 

E — ion energy in cv. 

Nicholk and Pleiter conlend that for 0-001 </<G'01, only charge exchange 
^withont dissociation) occurs- ■ * ; 


[ 258 j 



.fJSTar‘hl™;s' 


cross-sections have been carried out Since we are primarilv interc.ted in 

muS, obSued 


The charge exchange cross sections for (H+-air}, (H^--NU and {e+-0,^ 

several investigators from very low energy 
Fig* 4"L It will be seen that in tbe above 


reactions have been determined by several investigators 
(10 ev) to i Mev and are shown ' 


in 



Fig. 4.1 The variatioQS of charge exchange cross-scctiois for (H+ - air), — N^) and 
(H*^ — reactions from lOev to 1 Mev as obtained by several iavestigatori. Note that the ctoks- 
wciioiis become maximum at a few Key ion energy. The other three curves illustrate the variatiaas of 
Kmization eross-sections of Ng, O 3 and air by proton bombardments. Note that at high energies of the 
cadcr of several tens of Kev, where charge exchange cross-scciions are low, the cross-sections for ioniz- 
»ticibcccfflae high. 


energy range cross-sections vary over several orders of magnitude and that they 
become maximum at a few Kev ion energy. 
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(b) hfimtion 

We have seen before that the charge exchange cross-section becomes large at 
comparatively low energy and decreases rapidly with energy when the energy is 
oftheorder of several tens of Kev. In the high energy range, the bombarded 
particles are ionized and we have the following processes for the interactions 
between ions and gas molecules (diatomic) : 

In these cases also reaction products may also be in excited states* 

The cross-sections for ionization of Na, Oa and air by proton bombardments 
shown in Fig. 4*1 confirm the statement stated above. 

Table 1^ gives the energy loss by protons and H atoms while passing 
through H- atoms in excitation, charge exchange and ionization. 

{i) Mutual J^eutrdiZaiion 

In this process positive and negative ions collide producing two excited 
particles : 

A++B,-r»A'+Ba'±AE 
A-+Ba--^A'+B' + B±AE. 

The ionization energy of A minus the electron affinity of Bg molecule is shared 
by the neutralized atoms and molecules. It has been shown from theoretical 
considerations that near about the resonance condition (AE::^0}, the probability 
of such a reaction becomes high.^ 

4*2 Spectra of the Bombarded Gas 

ffl) Spectra of Mtrogen 

(*) ^2^ negative band system 

After exciting spectra in air at different pressures and energies. Fan and 
Meincl^*^ and Faa^»® concluded that the 1st negative band system of is 
excited during the process of charge exchange and direct ionization, and proposed 
the following reactions for the excitation of this band system : 

(i) A'^+N 2 ->A^Na“^# (B^S) (charge exchange) 

(ir) A'^-f Nj— ^A”^ f (B^2)+ ^ (direct ionization) 

where A+ is the incident ion or secondary electron. The latter may be produced' 
at the walls of the collision chamber by the bombardment of incident ions. 

After altering the experimental arrangements such that the ejection of 
secondary electrons are reduced (see Chapter 11)^ Fan confirmed the validity of the 
above two mechanisms. 

From the linear plot of light intensity per unit current of proton with 
pressure, Carleton observed that 1st negative system is excited by a single 
collifional process, namely ^ 
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(i) H++N 2 -»H+N 2 +* (charge exchange) 

(ii) H+-i.N 2 -^H++N 2 +«+ « (direct ionization). 


Of the two processes, charge exchange process is favoured for low energy ion 

bombardment. 

The 1st negative band system of N 2 + can not be excited by secondary electron 
bombardmentrScause the excitation mechanism would then be a two-stage 
process namely (a) production of electrons by bombardment of ions and (b) the 
Lcitation of ^Ist negative bands by electrons thus produced. The variation of 
light intensity with pressure would then be given by a quadratic curve instead 
of by a linear one. 

From the absence of Balmer lines of H atoms in spectra excited by high 
energy protons in N^, Nicholls et al^a concluded that at high energy the charp 
exchange cross-section is low and hence the 1st negative bands are excited by 
ionization and excitation of Ng, namely 


(1st negative band system). 


The secondary electrons thus produced may also excite N 2 '^ 1st negative band 
system at higher pressure (above 80/^). However, the apparent increase in the 
intensity of 1st and 2nd positive band systems of with pressure relative to 
Ist negative band system favours proton excitation for bands. 

While corroborating the suggestion given by Branscomb et al^^‘ 

have also suggested that the excitation of ist negative bands of may also be 

pr^uced by neutral H atom bombardment. 


(it) Meinel band system 

Before 1956, Fan excited Meinel band system of by electron bombard- 
ment. In 1956, Fan also excited this band system by secondary electrons produced 
by 2 Kev electrons. Fan® also observed that the intensity ratio of 1st negative 
system compared to Meinel system is almost constant in spectra excited by primary 
electrons for energies greater than 25 ev. Further more^ he found that the ratio 
of the intensity of Meinel to Ist negative band system is more or less same for ions 
as for electrons of same velocity, and that, this ratio is much larger in case of 
300 Kev proton bombardment compared to that produced by 20 Kev proton 
bombardment. 


For 205 Kev proton bombardment in air. Fan observed that the ratio of 
intensity of 1st negative system to Meinel system of is about ten times 
higher than that produced by electrons with an energy of 120 ev. He suggested 
that this difference might be due to the fact that in ihe case of ion bombardment, 
there is an appreciable change of momentum transfer, which causes an increase in 
the internuciear distance of ions after collision. 


Carlcton^o and Carleton et al“ observed N 2 + Meinel system by (2-5 Kev.) 
^Wn^mbardment ofNa. Asin the case of 1st negative band of N 2 ^ they 
ioui«i that the plot of intensity of Na+ Meinel band per unit current of bombar- 
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ding particles with respect £o pressure is linear soggeating that the taccitatioi 
mechanism of Meinel system may be as follow : 

(A®r)4- € (ionization), 

(A*V) (charge exchange). 

As remarked in Sec. 4.1 for low ion energy, the charge exchange mechanism 
is favoured compared to ionization. 

Reeves, Nicholls and Bromley^* on bombarding N^i with and 

ions (0.5- 1,5 Mev) observed Meinel band system and proposed that like 
1st negative band system, Mcinei band system is also excited by direct ionization 
by ion bombardment. 

(Hi) First and Seemi Posiim Band Systems of 

Excitation of first and second positive systems of Ng. by ion bomba rnment has 
been attributed by different investigators to several ^secondary processses (not 
involving primary ions). Xhis is because the excitation to the upper states of 
these band systems involve a change in multiplicity (inter-combination transition), 
and therefore these band systeois cannot be excited by the primary proton beam* 
Fan® and Nicholls et al^^ were of opinion that molecales were excited by 
secondary electrons produced either by reactions between protons and or from 
walls by bombardments of ions. On the other hand, Branscomb et ai and 
Garleton^o hold that these band systems are excited by H atoms produced by charge 
exchange between protons and molecules. 


Meinel and Fan assumed that 1st and 2nd pasitive band systems of are 
excited by secondary electrons. 

(i) (B%s or G%«)+ ^ 

(ii) (BSiTg or G^ito). 

Fan® verified the process (ii) by comparing three spectra excited by 23 ev and 
500 ev electrons, and 20 Kev protons. For spectra obtained by 25 ev electron 
bombardment only 1st and 2nd positive system of are excited indicating that 
Na molecules are excited by process (ii). In the spectra excited by 500 ev clc^rom 
and 20 Kev protons, the intensities of 1st and 2nd positive systen^ are negligible 
compared to that of 1st negative system of indicating that for high energy 
electron or proton bombardment, molecules are ionized and excited. 


Branscomb et al^s have suggested that the 2Qd positive system of produced 
by 100 Kev proton bambardment is excited by H atoms. These atoms are 
produced with increasing percentage as the proton beam loses energy by collision 
with gas molecules and are slowed down to a few Kev or less . 


Carletoa“ observed that the iatensity of Ist positive system of Nj varies 
approximately as the square of Nj pressure, thereby conErmiag that tbis system 
was excited by a secondary process. He holds that the 1 st positive system of 
was produced by neutral H atoms formed by charge exchange between protons 
and Na molecules. This is con6rmed by his observ^ions , 

intensity of Na ist positive system varies directly with Nj pressure for unit current 

of H atoms. 
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from the above it is clear that the 1st and 2nd positive bands of are 
excited by proton bombardment either by high energy H atoms produced by 
charge exchange or by secondary electrons produced by ionization of gases. This 
view was corroborated by Bates.^^® 

(w) Exaiaiion of Aiamic jSfiirogen Lines 

As already mentioned in Chapter III, NI and Nil lines are excited by ion 
bombardment of air cr N^. Excitation of these lines can be produced by the 
following reactions : 

(i) A^+Na-^A-l-N'^'-t-N' (charge exchange followed by dissocia- 

tion and excitation) 

(ii) A+ + + # (ionization followed by dis- 

sociation and excitation) 

Fan^ assumed that direct ionization and dissociation of (process ii) is 
responsible for the excitation of these lines by high energy ion bombardment. On 
the other hand, for low energy ions, charge exchange with dissociation (process i) is 
preferred. 

For excitation of weak lines of NI and Nil by and ion bombard- 
ments of Njj, Reeves et al^^ proposed an ionization process followed by dissociation. 


4 2 (b) Spectra of Oxygen 

As already mentioned only a few spectra of oxygen are excited by ion 
bombardment. In 1956, Fan observed’^^^ some 1st negative band system and 
a few OI lines by ion bombardment of air. Also, by bombarding with 1 
Mev protons, Nicholls et al observed neutral as well as singly-ionized atomic 
oxygen lines, but did not notice any band feature^ 

(t) 0^ 1st negative, 01 and OH lines 

Fan® suggested that the exciatation of 1st negative band system is 

probably caused by the same process which excite Meinel band system by 
bombardment of N^, namely that by secondary electrons produced either from walls 
or by reactions between ions and air molecules. 

Nicholls et al suggested the following mechanism for the excitation of 
OI and OH lines which are produced by bombardments of 1 Mev protons in 
oxygen at atmospheric pressure : 

0”^'+0*+« (ionization followed by dissociation with 
excitation) 

0^r»0+hv (OI lines) 

0+'-^0++hv (Oil lines). 

It is to be noted that Balmer lines of H otoms are not excited by high energy 
proton bombardment of Og indicating that charge exchange does not occ ur for 
such bombardments* ’ 
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4.2. S|i€ctra due ta Bamliajrdliliig Ions 

Atomic lines of neutralized ions 

HI lines 

As mentioned before Meioe! and Fan^, and Garlcton^® observed Balmer lines 
by bombardment of air or with protons. In addition to the stationary lines. 
Fan observed Doppler shifted Baimcr Lines, 

According to both Fan*^*^ and Garleton^, Balmer lines were excited by 
the following reactions: 

(i) H++ (charge exchange) 

(Doppler shifted Balmer lines) 

(ii) (charge exchange follwcd by excitation of 

neutralized ions) 

H'-»H + hv (Balmer series). 

On bombanding by ions, Reeves et observed very weak and 
Ho lines and proposed the following excitation process; 

P 

H.^+Na-^ o/Hj|+H*+Na+*+^. 


4*4. IHscassioii 

From the study of spectra produced by ion bombardment in gases, it can be 
concluded that gases are excited mainly by charge exchange accom^nied by exci- 
tation (at low ion energy) and by ionization followed by excitation (at r.igh energy 
of the order of several tens of Kev). For both these processes the resultant pro- 
ducts may by dissociated. 

It has been found from mass-spectrometric analysis of N+ ions 
bombardment of air by protons of energy 5-180 Kev, that the ^ 

production of these ions is maximum at 20 Kev. Tins accounts for strong _ 

S™ sir, « loii '“pin to”°nd 

maximum. 

I.b„b=c, 

?s»-.ep.iop of cb^g. a,. 

change at high energy. 

Nicholls ct aF® performed expriments of bombardment by high energy 
p,o.c«.“rL“ iterp”,o,o. ifthceprim^B porfomed atlowpro.- 
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sure, one would expect to have enhanced lines from metastable states due to low 
collisional frequency. The lines of ionized state are also expected to be enhanced 
because of low probability of neutralization of ions with electrons at low pressure. 
It may be noted that by 1 Mev proton bombardment of Nicholls et al did 

not observe band system (neutral or ionized). Unlike molecules, is not 

excited during ionization by high energy proton bombardment. The Qa niolecu- 
les are dissociated and hence account for atomic oxygen lines. 


Froblems 


A few suggestions for future work on the excitation of spectra of gases by 
ion bombardment are given below: 

^ 1. The excitation of spectra of gases by porton bombardment has been 
earned out only at several discrete energies, namely at 2-4 Kev, 5-350 Kev and 
i Mev. Investigation should be carried out over a wide variation of energy 
ranging from a few Kev to Mev because the relative importance of different pro- 
cesses (charge exchange, ionization, mutual neutralization etc.) varies markedlv 
with the energy of the bombarding ions. ^ 


2. Information regarding the excitation of spectra by 
ot^r than protons is very meagre. Data should be collected 
different energies. 


bombardment of ions 
for other ions having 


h excitation of oxygen molecules should be carried out. 

Unlike Nj, the bands are not excited by ion bombardment. Also snectra of 
other gases should be excited by ion bombardment. ’ spectra ot 


-1 Ui excitation by netural beams -should also be carried ont 

available data is extremely meagre. arned out. 


The 
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I. INTRODUCTION 

With the help of rocket-bome spectrographs, the solar spectrum between the 
wavelength range 3000A to X-rays can be explored. This region in inaccessible to 
ground-based spectrographs, because these radiations are absorbed in the upper 
regions of the csith^s atmosphere by ozonosphere and also by the sun^s atmosphere* 
Only a portion of this spectral region has been photographed with balloon-borne 
spectrographs, whereby a part of the ozonosphere can be crossed* A great amount 
of work in this region of sun’s spectrum has recently been carried out with rocket- 
home instruments, thereby opening a new branch of spectroscopy which is now called 
as the ‘Rocket Spectroscopy’. 

During the period between 1946, when the first rocket-borne spectrograph 
was flown, and 1952, the region of the solar spectrum between 3000A and 2000A 
was explored. Several excellent references of the work carried out during this period 
have already appeared (Baum et al^ 1946; Hopfield et al, 1948 ; Durand et al, 1949), 
In December 1952, Lyman-o! (i215‘7A) line was first photographed by Pietenpol 
and others (1953). Following this discovery, the solar spectrum in the very far 
ultraviolet region was photographed and more information of X-rays emanated 
from the sun was obtained. In this article, we shall confine ourselves to investiga- 
tions carried out after 1952. 

The region of the solar spectrum observed after 1952 can be classified under 
four heads : 

(a) Region around Lyman-o: line 

(b) Ultraviolet region above Lyman-a upto 2000A 

(4 Ultraviolet region below Lyman-a 

{d) X-ray region. 

The ultraviolet region was photographed with rocket-borne spectrographs and, 
furthermore, by means of photon counters with suitable filters, and also with ther- 
moluminescent phosphors, the solar energies in these spectral regions were determin- 
ed* In the X-ray region, the measurements were mainly confined to the determin- 
ation of energy by means of photon counters and thermoluminescent phosphors* 

Apart from basic information of the sun’s spectrum, such investigation yields 
results of far reaching importance. For example, from the energy measurements, 
the equivalent blackbody temperature of the sun in the far ultraviolet and X-ray 
regions were determined and it was found that this temperature difiers markedly 
from that of a sun having a blackbody temperature of GOOO^K. Also, these 
measurements lead to precise information of certain solar-terrestrial relationships 
in particular, the radiations which cause the ionized regiems of the upper atmosphere! 

Z INSTRUMENTATION 

As already mentioned, the^ investigation of solar spectrum between 2000A to 
X-rays was carried out by {a) spectrographs, {b) photon counters, (c) thermolu- 
minescent phosphors^ and {d) ion chambers. We shall now briefly describe these 
apparatus. 

(a) Rocket-bome spectrographs 

A major difBculty of photographing solar spectrum arises from the fact that 
the rocket rolls and yaws, thereby preventing the spectrograph to remain pointed 
towards the sun. As a result, the spectrograph 'looks’ towards the sun only for 4 
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short pericxl of the total time of fiight which is usually about 5 minutes* In order 
to overcome this difficulty, the spectrographs having wide field of view were carried 
in rockets which were stablized by means of servomechanisms with photoelectric 
sensing devices known as *sun followers’. 

Four types of entrance apertures having wide field of view have been devised*' 
In these types, different methods were employed to admit light and expand the 
field of view (Fig, 1). The characteristics of these apertures are given by Tousey 


svu 



(1953) and are shown in 1 able I . The wide field of view aperture is fitted to a 
rocket spectrograph which usually consists of a grating of 15,000 lines/inch and 
having a radius of curvature of 40 to 50 cm. 

Between the period 1952-1959, several flights with different spectrographs 
were carried out. The principal features of the spectrographs are given in Table 2. 
The spectra in the first order at near normal incidence were taken. 
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tABLfe 1 

Entrance Aperture fcr Rocket-borne Spectrographs 


Entrance aperture Description 


Remarks 


An open slit A rough aluminized 
system S prece- glass serves as the diffuse 
ded by diffuse reflector, 
reflector P 


A cylindrical It acts as one dimen- 
mirror with al- sional diffusing plate, 
uminized sur- 
face 

Polished sphere The sphere is 2 mm 
of LiF in diameter. The spect- 

ral lines of about 0'6 
mm in height are pro- 
duced by the astigma- 
tism introduced by grat- 
ing arrangement. 


Mirror -jawed An open slit is pro- 
slit vided with jaws in the 

form of mirrors. The 
jaws are oi aluminized 
glass and are set at an 
angle of 10®. This de- 
vice expands the field of 
view in the plane at right 
angles to the slit to about 
60®. The spectrograph 
is mounted with the roc- 
ket axis in the plane of 
Rowdand circle. 


The system produces sharp spectra. 
It is a low speed system, and hence 
requires a long exposure to record the 
spectrum. Because of the changing 
spectral reflection of the diffusing 
surface with angle, calibrations of re- 
lative intensities over the spectrum is 
difiScult to obtain. 

By such device sun light over a 70^ 
field of view is focussed into a long 
narrow strip. 

Useful field of view is a cone of 
140® diameter. The wavelengths upto 
the transmission limit of LiF (llOOA) 
can be photographed. Since it forms a 
high speed system, many spectra during 
a rocket flight can be recorded. Both 
relative and absolute intensities can be 
established by calibration. 

The spectrum shifts position when 
the sun moves within the field of view 
during an exposure. Whenever a long 
exposure is required, a blurred spec- 
trum is produced. 

It yields a sharp spectra and can be 
calibrated for intensity. The spect- 
rograph records wavelengths below 
1100 A. 

It is specially used with a one-axis 
sun follower which corrects for rocket 
roll. 


ATole^To pfaotc^raph the spectrum in the extreme xiltraviolet region the mirror-jawed slit system 
is commonly used in conjunction with the biaxiil pointing control. The spectro- 
graph 13 set at grazing incidence for photographing the sun’s spectrum below 500A. 
This region^ is practically out of range of a grating set at noimai incidence for which 
the icEcctiyity is vary low. To increase the spe;^ of grazing-incidence spectre^raph, a 
tmDoklai minor system is incd (Rense and Violett, 1959;. 
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(1955) 

d—Aljound it al (I959)j BchriDg ft al (1958) 
c— Violctt and Re0ic,(I959J 
g— Purcell ft al (19i0) 



(b) Photon Cownters 

For detecting ultraviolet and X-ray radiations^ different types of photon 
counters were designed. Broadly speaking, there are two types of counters, namely 

( 1 ) Ultraviolet photon counters, 

(2) X»ray photon counters. 

The details of both types of photon counters are described by Friedman, 

Lichtman, and Byram (1951). 


PATH FOLDIN6 



Fig. 2. Rocket-borne spectro-graph flown on Feb. 21, 1935 (Johnson et al, 1958). 


VUtamolei photon counUrs : 

The function of this type of counter is the same as that of a self-quenching 
Geiger counter which is used for detecting X-rays and T-rays. The electrons 
ejected by photoelectric process from the sarface of the cathode wall trigger the 
Townsend avalanches of the discharge. The presence of even traces of electronega- 
tive gases in the Goiger tube increases the photoelectric work function of the counter 
whereas, a depression of the threshold wavelength is observed when halogen gases 
(GJa or Br^) or halogenated hydrocarbons such as methylene bromide are introduced 
into the counter. Also, for studying limited regions of the spectrum {bandwidth of 
only a few hundred angstorm), suitable filters such as lithium fluoride, sapphire, 
quartz, potassium chloride, and vycor glass are used. Fig 3 shows the spectral 
response of three types of photon counters (Friedman et al, 1951). The conversion 
from the counting rate to the flux of incident energy is obtain^ by comparision 
with the response of photomultiplier tube (coated with sodium salycilate or vacuum 
pump oil), which has been previously calibrated against a mercury lamp at 2536A. 

X-tay photon conniersi 

Unlike the photon counting action of ultraviolet photon counter, the X-ray 
photons transmitted through the window arc almost completely absorbed by the 
gas present in the X-ray counter. Assuming that each photon produces discharge 
in the tube, the couting efficiency is taken to be equal to the product of window 
transmission and the percentage of photons absorbed by the gases in the tube. 
This assumption is true for the majority of gas mixtures which use a rare gas in 
combination with a hydrocarbon quenching gas. A certain fraction of the absor- 
bed quanta fails to produce discharge if an impurity of electronegative gas is pre^ 

{ I 



sent. This is pariiciilariy observed when a halogen gas is mkcd with the rare gates. 
For counters used in roiicts^ it was found that only 1/5 th of the quanta trans- 
mitted through the window were effective in triggering counts. 



aoo 


1400 


1800 


Fig. 3. 


I60D 

WAVELENGTH (A) 

Response curves for ultraviolet photon counters carried in rockets, 
represents maximum photoeketron yield* (Friedman et al, 1951). 


2000 
(counts/quantum) 


(c) Thermolmninescent phosphor 

The phosphor used for detecting ultraviolet radiation and X-rays is prepared 
by the method described by Watanabe (1951). GaS 04 mixed with a few percents 
of MnSO^ in dilute sulphuric acid. The mixture is allowed to stand for a few 
hours and then evaporated to dryness and finally the residue is heated to redness. 
The powder thus prepeared is white. Phosphor strips are prepared by pressing 
the powder into 100 mesh nickel screens and then binding the powder in place 
with a mixture of 5 percent Duco cement and 95 percent acetone. The properties 
of GaSO^. Mn phosphor have been discussed by Watanabe (195 i). 

To measure the solar radiation in the extreme ultraviolet and X-ray regions, 
thermoluminescent phosphor (GaSO*. Mn) is excited by the radiation. The stored 
energy in the phosphor is quickly released by beating and the luminescence so 
produced is measured with a photomultiplier tube. The details of instrumentation 
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are given by Tousey, Watanabe, and Purcell (1951). Fig. 4 shows the response 
of the phosphor. 



Kg. i. The ^tral response curves of CaSOj. Mn phosphor calibrated against a thermocouple (curve A1 
with liF filter (curve B), and GaF* filter (curve C) after Tousey, Watanabe, and Purcell 

For studying limited wavelength bands, the alters given in Table 3 are used. 


TABLE 3 


Filters 

Thickness 

(mm) 

Wavelength region 
(A) 

GaFa 

CO 

1 

1230—1340 

LiF 

1—2 

1040—1340 

None 


0—1340 

Be 

1—0. 1 

0—8 

LiF minus GaF^ 


1040—1230 

Nc»e minus (Be + LiF) 


8—1040 
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The total rcsfKmae of the phosphor, R, may be given by the cJ:prcssion 

where 

— solar spectral intensity, 

— sensitivity of the phe^phor, 

— filter transmission, 

and A (0,^)— area of the phe^phor normal to the solar rays. 

(d) lorn chambei^ 

Ion chambers are employed for the measurement of solar radiation in the 
extreme ultraviolet region, especially the Lyman-a radiation. The chambers arc 
filled with nitric oxide gas. The gas is photoionized by Lyman-« radiation trans- 
mitted through the lithium fiuoride window. For computing the quantum 
efficiency of the chamber, the cross-section of nitric oxide determined by Watanabe 
(1954) and window transmission are utilized. The ion chambers used in rockets 
are calibrated by direct comparison with a standard nitric oxide chamber. ^ The 
response of ion chamber for Lyman-a radiation is shown in Fig, 5. The details of 
ion chamber photometry are discussed by Chubb et al (1957). 



Time (Secoods) 

5. Response csf ziitriC' oxide km chamber for hyman-CE radiatiem (Qiiibb ct ml, iS57}* 

3. EXPERIMENTAL RESULTS 

(a) RegkMi aroniid Lyman-a line 

After detecting in the solar spectrum the Lyman-ei line which passes through 
a deep well in the absorption spectrum, attempts were made to measure its 
energy. It was first measured by means of photon counters and thermoluminescent 
phosphors (CaSOi^.Mn). Recently, photographic and ion chamber techniques, 
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whicla give naore accurate energy measurements, iiave been employed, ftese 
measurements show that Lyman-^ is the strongest emission line below 2000 A. 

Mmsurmmt of metiy : • . 

The solar radiation between the wavelength region IIBOTSODA, which 
penetrates upto 74 km, was first detected in 1952 by Byram et al (1952) with 
the aid of photon counters. For measuring the intensity of Lymama line, Byram 
ct al (1953) employed photon counters which were sensitive in the range 1180- 
ISOOA. The sensitivity of the counters was fairly constant over a range of sevepl 
angstroms in the neighbourhood of Lyman-^e line. The intensity of JLyman-a line 
at the top of the atmosphere was found to be 0.1±0.02 erg cm”^ sec"^. By 
thermoluminescence technique, Tousey et al (1951) obtained its value as 0.4 
erg cm”^ sec'^ On the other hand^ using photographic method Pietenpoi et al 
(1953) reported its intensity to be 0.3 erg cm”^ sec’’^ It was shown subsequently 
that the value obtained by ion chamber is around 6 erg cm-^ sec’"^ The energy of 
the continuous solar emission background in the neighbourhood of 1200A 
is less than 0.01 erg cm-^ sec’^ lOOA”^ which is equivalent to a black body 
temperature less than 4600°K (Byram et al, 1953). 

The measurements of Lyman-of radiation from photographs give better 
results than those obtained from thermoluminescent phosphors and photon 
counters. Again, the ion chamber (with LiF window) measurements are more 
accurate and reliable. With the aging of the ion chamber, the caiiberation 
changes only in one direction, thereby, attributing too high an efficiency^ to the 
chamber. The ion chamber values may therefore, be taken as the minimum 
values. 

The results of ion chamber measurements of energy of this radiation carried 
out during the period 1955-1958 and the earlier results obtained by photon counters, 
thermoluminescent phosphors are given in Table 4. It is evident from the table 
that the values of Lyman-« intensity obtained by ion chambers are consistently 
high. Byram, Chubb, Friedman, Kupperian and Kreplin (1958) interpreted the 
low values as due to the minimum phase of the solar cycle and higher values 
to maximum phase. However, consistent values around 6 erg cm"^ sec”^ were 
obtained with ion chambers during the period 1955-58. In order to make a definite 
statement regarding the consistency and variation of energy, it is necessary to wait 
till observations are taken at least during the declining phase of the current solar 
cycle. 

Fhotomtry of 1215A350A : 

^ From the spectrogram obtained from rocket-borne experiment, it is difficult to 
obtain the absolute intensity of spectral lines, although their relative intensities can 
be determined. However, by choosing suitable filters it is possible to obtain the 
absolute intensity by ion chamber photometry in different bandwidths. We shall 
discuss below the ion chamber pht^ometry for 1225- 1350 A region (Byram et al, 
1958). 

Ion chamber photometry in conjunction with GaF^ window can be utilized 
to measure the absolute intensity of solar radiation in the region 1 225-1 350A. 
From the measurement of the integrated flux the absolute intensity of this band can 
be determined, which in turn can be utilized to find out the individual intensities 
of the spcaral lines from their relative intensities obtained from spectrogram. 
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TABLE 4 


MeasureiHcnts of Lyman-cr intensity 


Racket 


Intensity at 


Wavelength 


iaiirich 

San's 

the top of the 

Apparatus 

reaioa 

Reference 

time 

condition 

atmosphere 

used 





(crgjcm^ see) 


(A) 


1G03 MST 

Q^uiet 

I-IO 

Photon 

1100-1553 

Friedman ct al^ 

Sept. 29,49 



counter 


(1953) 

1101 MST 

— do— 

0.4 

Tbermoium- 

1050-1240 

Tcusev et al. 

Feb. 17,50 



inescent 

phosphor 


(1951) 

0650 MST 

— do— 

0.15 

Photon 

1180-1300 

Byram et ai. 

April SO 352 



counter 


(1953) 

0644 MSr 

—do— 

0.1 ± 0.02 

— do — 

1 180-1 SOO 

Bvram ct al. 

May 5,52 





(1953) 

1938 UT 
Dec. 12,52 

-dc— 

0.5 

Spectrograph 

... 

Rensc (!S53] 

0830 MST 

— do — 

1.6 

— do — 

... 

Johnson et a! , 

Feb. 2.54 





(1958) 

0830 MST 

— do — 

0.6 

—do— 

mmm 

Johnson ct al 

Feb. 21,55 





(1958) 

1550 MST 

—do— 

5.7 H. + 3) 

Ion chamber 

llGO-1350 

Bvram ct al, 

Oct. 18,55 




■ (1956) 

1715 MST 

— do — 

4.0 (±0.8) 

— do— 

1100-1350 

Byram et al, 

Oct. 21,55 




(1956) 

C830 MST 

— do— 

9.2 (±3.0) 

-do- 

1 100-1350 

Byiam et al 

Nov. 4,55 




(1955) 

Dec. 13,55 


3.0 

spectrograph 


Miller et al. 




(1956) 

1915 UT 

Q^uiet 

6.1 (±0.3) 

Ion chamber 

1050—1350 

Chubb et al. 

July 17,56 




(1957) 

1917 UT 
July 20,56 

Late in 
class I 
flare 

6.1 (±1.4) 

—do — 

1050-1350 

Chubb et al, 
(1957) 

2113 UT 
July 25,56 

Quiet 

6.7 (±0.3) 

—do— 

105C-1350 

Chubb et al, 
(1957) 

1600 GST 
Jul\ 29,57 

— do— 

6.1 (±0.3) 

— do — 

1050-1350 

Bvram et al, 

' (1958) 

1208 GST 
March 23.58 

— do — 

6.3 (±0.3) 

— dc— 

1C50-1550 

Byr?iri et al, 
(1958) 
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Following the above method and using the relative intensity data of the 
spectral lines as given by Johnson et al (1958) and ion chamber flux measurement 
obtained with IGY Aerobee XN 319F rocket fired on March 23, 1958, the absolute 
intensities of spectral lines were determined. These values which are listed in 
Table 5 represent the upper limits of intensities because contributions from 
continuum or weaker lines were not taken into consideration. 


TABLE* 5 


Spectral lines (Johnson 
it di 1958) 

Wavelength 

(A) 

Intensity (erg sec"^) 

N V 

i238.S 

0.01 

S II 

1259.5 

0.003 

Si II 

1260.7 

0.012 

Si 11 

1265.0 

0.020 

O I 

13G2.2 

0.039 

O I 

1301.9 

0.032 

O I 

1306.0 

0.064 

Si II 

1309.3 

0.013 

GII 

1334.5 

0.12 

GII 

1336.7 

0.15 


This type of ion chamber photometry can be applied to other wavelength 
intervals. 


(b) Ultraviolet re^on above Lyman-a upto 20OOA 

This region as well as the region below Lyman a (Section 3-c) have been ex- 
plored mainly by rocket-borne spectragraphs. The characteristic features of different 
rocket-borne spectrographs have already been given in Table 2. We shall 
present here the important results which reveal the main features of the spectrum 
in the region below 2000A, 

A good spectrogram of solar spectrum in the ettreme ultraviolet region was 
obtained from a rocket on February 21, 1955 at 1 15 km altitude (Johnson et ai, 1P58), 
The spectrum (Plate 1) shows 45 emission lines in the region 18y2A to 977 A, From 
the analysis of the spectrum, it has been concluded that the lines of highest excitation 
potential arise from O Vi, N V, G IV, and Si IV. The resonance lines of G II, 
C III, G IV, N V, O VI, Si III, and Si IV predicted by Woolley and Alien ( 1950) 
were observed in this spectrum, Only lines Nil (x 1086) and N III (X 990j did not 


# Byram, Chubb, Friedman, Kupperian, Jr., and Kreplin (1958) 
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Plate I The solar spectrum obtained on Feb. 21, 1955 at an altitude of 1 15 '''Jrhrson et a% I95:S;. 

appear alt hougli predicted to be of the same miensity as the 977A line of G III. 
Besides emission lines of hydrogen, helium, carbon, nitrogen, oxygen, aluminium, 
silicon, phosphorus, sulphur, iron, Fraunhofer lines r.re present, I'he solar continuum 
was photographed in this spectrum to approximately 1550a where it disappeais into 
the background of focussed stray light 6). The irregular siiuciure in the 

SOLAR SI^ECTRUM RECOROEO AT AH ALllTyOE 

OF 115 'KM AaOVE MEXICO OK ’Ff a 21, 1955 fT 

BY MVAL RESEARCH OASORATORY It 



Sfl Sil C3 



*550 *600 1650 t700 1750 tSOO i»0 


^EiEKCTH m Am%tnom 

Fig. 6. The logaritlimic denritocneici trace of the specirum obiaiued iiom U 5 hm altitude cn Feb. 21, 
1955 (Johnsoo et al, 1958). 
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spectral region from 1850 to 1550A is caused by Fraunhofer absorpuon. Below i550A 
the irregularities become less and are due only tc the granularity of the him. In 
addition to Lyman-a:, Lyman-jS line was photographed. 

In tensiti^ of 24 solar emission lines in the range 1206-1 8 17A were estimated 
from photometric analysis of rocket spectrograms obtained on August 6* 1957 between 
altitude range 130- 150 km (Abouni et ai, 1959). Above Lyman-a line (intensity 
3.4 erg cm**® sec”^), two lines of Si II of energy 1.05 (A. 1808 0) and 1.65 (x 1816.9) 
erg cm-^ sec*^ are most intense. The emission lines and their intensities above 
Lymaii-€E are given in Table 6. From inspection of the table it is obvious that upto 
1817 A, other lines are weak compared to Lyman-a line. The identification of 
emission iines in the range 1032-1893A has been reported by Behring, McAllister, and 
Rense (1958). 

(c) Ultraviolet region below Lyman-« 

On June 4, 1958 and March 13 and 30, 1959, the solar spectrum in the region 
below 1000 A was photographed from Aerobee-Hi rockets. On March 13, 1959, 
the solar spectrum was obtained upto 550 A (Plate 2) from an altitude of 198 km. 
This spectrum shows many new emission lines of which the most important are the 



Plate II The solar spectrum obtained on March 13, 1959 'at an altitude of 197 km. Note that the 
continuous background is due to stray light for x<.l500A and from 920A to 830A, the 
background denaty is increased by Lyman-continua (Purcell et al, 1960) 
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TABLE 6 


Intensities of Emission Lines 


Spectral lices 

Wave length 

(A) 

Intensity 
(erg cm““ sec”^) 

Excitation potential 
(evj 

Si III 

1206.5 

0.23 

34.61 

HLct 

1215.7 

3.43 

10.15 

He II 

1215.1 

0.17 

75.23 

Si n 

1265.0 

0.02 

17.91 

OI 

1302.2 

0.04 

9.48 

O I 

1304.9 

0,04 

9.48 

OI 

1306.0 

0.04 

y.48 

Si II 

1309.3 

0.04 

17.57 

CII 

1334.5 

0.31 

20.45 

GII 

1335.7 

0.33 

20.45 

Si IV 

1393.7 

0.24 

66 56 

Si IV 

1402.7 

0.17 

66.50 

Sill 

1526.7 

0.03 

16.20 

Si II 

1533.4 

0.06 

16.20 

CIV 

1548.2 

0.55 

91,12 

CIV 

1550.8 

0.31 

91.11 

Cl 

1560.3 

0.04 

7.91 

Cl 

1561.4 

0.08 

7.91 

Hell 

1640.4 

0.27 

72.64 

Cl 

1656.3 

0.28 

7.46 

Cl 

1658.1 

0.20 

7.45 

Fell 

1670.8 

0.21 

15.60 

Si II 

1808.0 

1.05 

14.94 

Si.II 

1816.9 

1.65 

14.94 
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resonance Jines of He I, N I, II, HI, and V ; O II, IH, IV, and V; S VI ; Ne VIII ; 
and Mg X. Also many higher members of Lyman series (Ly^d, 1025.71 ; S, 949.75 ; 

937.80 ; 930.75 ; 926.32 ; 923.15 ; i, 820.96 ; x, 919.35) -and the Lyman- 

continuum are present in the spectrum. Lyman-V (X 973) is absent because of 
absorption of N^. The microphotometer tracing of the spectrum i^Plate 2) is given 
in Fig. 7. The observed emission lines with possible idsntiications are given by 
Purcell, Packer, and Tousey (i960). 




7C0 


Ke23I 






The solar spectra photographed on June 4, 1958 and March 30, 1959 from an 
altitude of over 200 km have been analysed by Violett and Rense (1959), About 150 
emission lines with their relative intensities and identifications in the range between 
1216A (Lya) and 83.9A have been reported. The spectrograms show the Lyman 
series and the helium resonance lines (He T, 584.33A and He II, 303.8A). These 
spectrograms also show the emission lines of beryllium, carbon, nitrogen, oxygen, 
neon, magnesium, aluminium, silicon, phosphorus and sulphur. 


Purcell, Packer, and Tousey (1930) compared the spectrum of the sun photo- 
graphed on March 13, 1959 with that obtained by Violett and Rense (1959). The 
observed emission lines in the region 1216A to 584.3A are discussed. The spectrum 
taken on March 13, 1959 shows seven higher members of Lyman series and two 
resonance lines of S VI (933.38A and 944 52A) but Lyman-r (X 972.9) is absent 
whereas the spectra obtained on June 4, 1958 and March 30 1959 show the 

presence of Lyman-r line and seven lines of intensity 10 (the unit of intensity 
being 1/1000‘’' the intensity of Lyman-a), of which one is identified as N I line 
(X 964.5). There are many Hnes obtained by Violett and Rense (1959) which are 
not present in the spectrum obtained by Purcell et al (1960), but which are of 
greater intensity than nearby lines that appear in both spectra. For example 
lines 614.9A of intensity 20 and 617.2A of intensity 25 are not present in the 
spectrum photographed by Purcell, Packer, and Tousey, although 625.1a of only 
intensity 5^ is prominent. ^ 


_ Further experiments are required to explain the 

desirable to obtain spectra from higher altitudes 
bands is absent. 


spectrum below 1000 A. It is 
where absorption by telluric 


(d) Soft X-rays below lOOA emitted by the sim 

bomc^exTCiimmt^ ^ me emitted by the sun was measured by rocket- 

borne experiments. These measurements were carried out both during quiet sun 

I 2*4 J 



coBditioos as well as durmg flare time. Daring ilie former emdition, solar X-rays 
penetrate only upto aboiii iOD km altitude and during the iaiier when shorter 
wave-.engths are emined, X-rays pmcirate deep into the atiii 3 $phere and are 
detected even upto the altitude of 41r km. These energy measarements were cairied 
out mainly by means of photon counters with Be, Al, mylar, am glyptal windows 
which transmit radiations 2-8A, 8-ZOA, 44-60Aj and W-ldJA respecuvdy, A few 
measurements were also carried out with thermoluminescent phosphors. 

. With a view to measure solar X-rays energy in different wavelength intervals 
rocket experiments were performed. We shall nom briefly d^escri'be some of the 
experiments carried out after 1955. 

In July 1956^ rocket experiments were carried out to measure X-rays during 
flare by using photon counters. X-rays of wavelengths less than 8 A were measured 
with a Geiger counter with Be window. To measure any hard X-ray flash that 
might be encountered during a flare, a partially shielded scintillation counter with a 
Ma I (Tl) crystal i-l|8 inches diameter and 1^2 inch thick, combined wdth a 6193 
photomultiplier, was employed as an X-ray puke amplitude spectrometer. To 
determine the intensity and to analyse the characteristics of the incident flux of solar 
X-rays, it is necessary to correct the observed responses of the counters for the 
variation in angle between the sun and the plane of view. This latter variation is 
obtained by two photocells sensitive to visible light (Chubb et al, 1957). The large 
angle between the direction of the sun and the detector view plane which occurs 
during most of the flights result in a shift in spectral sensitivity curve of the counter 
as shown in Fig, 8. The X-ray intensities measured during flare times indicate high 
state of coronal excitadon. 



Fig. 8. The spectral response of Be X-ray Geiger counter calculated from window ard gas absorption 
coefficients for nonnaJiy incident X-rays and X-rays incidmt at an angle of SSo. (Filing 
' occurred during flare tme on July 2Ck 1956) fChubb ct al, 1957]. 
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Similar rocket experiments were performed by Naval Research Laboratory in 
August-September, 1957, in order to measure X-rays emanated from the sun during 
flare time. The rockets were equipped with X-ray photon counters sensitive to 
wavelengths from I to 8A. In these flights attempts were made to time the rocket 
firing to coincide with the maximum phase of the flare. These measutements, 
showed that X rays of short wavelength are produced in sufficient intensity during 
flares (Friedman^ 1959). 

In summer 19593 a series of rocket experiments were carried out with a view to 
measure solar X-rays during solar flares and also during non-flare conditions. The 
data show that during non-flare conditions at sunspot maximum, the X-ray counting 
rates for 8-20A were increased forty times (Chubb et al 1960) than the rates measured 
at solar minimum. In the 2-8A region, the relative increase was much greater. It 
was noted that solar maximum in the 2-8 A region measured in 1959 agree remarkedly 
with the value obtained in 1949. These firings have provided seven data, three in 
non-flare conditions and four during class 2*^ solar flares. Each flare was accompanied 
by a large sudden ionospheric disturbance. The results of these flights together with 
results obtained on previous flights are summarised in Table 7. 

The existence of readily measurable X-ray emission below 0.6A constitutes the 
most striking phenomenon accompanying all the three sudden ionospheric distur- 
bance producing flares. In two most intense flares. X-rays of energies upto 70 Kev 
(less than 0.2 A wavelength) were observed. The flux of high energy quanta penetra- 
tes the atmosphere below 43 km. 

The penetration of different wavelengths through the earth’s atmosphere is 
shown in Fig. 9. The solid curves (Friedman, 1959) represent the penetration of 
solar radiations into the atmosphere for vertical incidence obtained from rocket-borne 
experiments. The dot-dash curves (By ram, Chubb, and Friedman, 1954} show the 
penetration of certain radiations computed from absorption coefficients (Compton 
and Allison, 1953). Dotted line curves represent the transmission of solar radia- 
tions observed from V —2^9 rocket using photon counters. 

It will be seen from the above curves that, in general, radiations penetrate deeper 
into the atmosphere as the wavelength decreases. There are, however, certain depar- 
tures. Wavelengths 1475A, Lyman-a, 1200A, and Lyman-j8 penetrate much deeper 
into the atmosphere. In the dot-dash curves, wavelength 30A penetrates to a lesser 
depth compared to wavelengths 35 A, GOA, and 100 A. Also, it may be noted that 
Lyraan-« and 2.5A, and wavelengths lOA and 32 A have the same penetrating charac- 
teristics. 

From the nature of these transmission curves, one can easily conclude that 
different amounts of energy corresponding to different wavelengths are absorbed at 
different altitudes of the atmosphere. Wavelengths from 200A to 850A are absorbed 
above 125 km, whereas those between 5 A and 100 A are absorbed in the region 
90 — 125 km. The Lyman-te radiation (Byram et al, 1953) penetrates upto 74±2 km. 
Also^ Lyman-^ is absorbed between altitudes 90 and 125 km. Wavelength 2.5A 
penetrates below 70 km and lA well below 60 km. A significant feature of these 
curves is that X-rays (100— 10 A) are absorbed in the narrow altitude range of the 
E-layer* 

4. APPLICATIONS OF OBSERVED DATA TO SOLAR AND GEOPHYSICAL PROBLEMS 

The data obtained from rocket-borne spectrogra phs, photon counters, ther- 
moluminescent phosphors and ion chambers were utilized to obtain information 
about the sun and the earth’s atmosphere, in particular the following: 

(1) The temperature of the sun, 
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altitude: 
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1546 UT -do- 332 <2.6x10* 2.9x10-® <0.0013 ... Chubb et al (1957y 

Nov. 25. 53 ' ^ 
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TABLE 8 


Equivalent blackbody temperatures of the sun obtained from rocket-borne 
experiments in the x-ray and ultraviolet regions 


Wavelength 

region 

(A) 

Condition of 
the sun 

Energy 

(erg cm-%ec-^} 

Equivalent blackbody 
temperature 

(=K) 

Below 8 

Late in class I 
flare 

5x 10-3 

6-8 X 105 

6-10 

160 minutes 
after class I 
flare 

10-*- 10-3 

3*5 X 105 

8-12 

Quiet 

3x10-3 

3-0 X 105 

8-18 

High coronal 
activity 

0-6 

2-6x105 

8-20 

- do — 

0-1 

2-3x105 

8-20 

Quiet 

1-5x10-3 

2-1 X 105 

8-20 

Quiet 

1-3x10-3 

2*1 X 105 

8-20 

Quiet 

1-2x10-3 

2-1x105 

8-20 

Quiet 

0-4x10-3 

2-1 X 105 

10-60 


1-0 

1-1x105 

44-60 

Minimum solar 
activity 

1-4 X 10-3 

6-8x10* 

44-100 

-do — 

3-5 X 10-3 

5-2x10* 

44-100 

-do- 

2-9x10-* 

5-2 X 10* 

1050-1240 

Normal 

0-4 

5300 

1200 

-do- 

6-2x10-3 

(6000)* 

1216 

No unusual 
solar activity 

6-3 

7730 

1150-1340 

— do- 

1-10 

5630 

1230-1340 

-do- 

0-2 

4840 ’ 

1500 

— do- 

5-4x10-3 

(4500)* 

2050 

— do— 

3-7 

(5000j* 


♦For marked with asterisk, the amounts of energy have been calculated 
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(2) Ionized regions of the earth's tipper atmosphere^ 

(3) Distribution of neutral particles of the earth's atmosphere with the 
height. 

(a) The temperature of suu for the X-ray and ultraviolet reeiosts-enerrv 
at the top of earth’s atmosphere ^ 

As already mentioned, the solar energy at the top of the earth's atmosphere 
corresponding to different wavelengths from ultraviolet to X-rays were obtained 
from rocket-borne exprimenis. From these energy values and considering the sun 
as a blackbody radiator, the coronal temperatures corresponding to the emissiem 
of X-rays and ultraviolet radiations were computed following the method of Hico- 
kt (1952) as follows: 

Ifp(v)be the density of radiation emitted by the sun, wc obtain from 
Planck's formula, 

P(v)=§i|L® _i)-i 


where the symbols have their usual significance. The radiation density /»' W at 
the top of the atmosphere is given by the relation 

P' («')=J0. P (r) 

The dilution coefficient ^3* is given by 

B,= = (sun radiu i)a = 5 . 41 ^, n-s 

4f^ 4 (sun-earth distance)^ 

The temperatures thus calculated are given in Table 8 (Ghosh and Sbarda 
Nand, 1960). These values fairly agree with other available data given in Table 9, 

TABLE 9 

Equivalent blackbody temi^rature of quiet sun in the x-ray and 
ultraviolet regions obtained by Nicolet 


Wavelength 

(A) 


Equivalent blackbody 
temperature 
(°K) 


4 

5 xl05 

10 

3 Xl05 

14 

2 xlQs 

20 

1-6 X 105 

21-5 

1-5x105 

29-6 

1-2 X 105 

50 

7-5x10* 

75 

5 xlO* 

200 

2 xlO* 

228 

1-9x10* 

250 

1-8x10* 

500 

7 xl03 

910 

5 X 103 

1000 

5 xl(^ 
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The variatioo of temperature of the sua with wavelengths in the X-ray region 
is shown in Fig, 10. It may^ however, be pointed out that the emission from the 



F%. 10. Variation of temperature of the sun with wavelength in the X-ray region obtained from 
rocket data (Ghosh and Sharda Nand, 1960). 


snnmaybeofgrey body type (Byram, Chubb, and Friedman, 1956). If such be 
the case, the actual temperature will be higher than those given in Table 8. 

(b) Ionized regions of the earth’s upper atmosphere 

With the direct measurements of solar energies in the extreme ultraviolet 
and X-ray region and their penetration through the earth’s atmosphere as obtained 
from rocket-borne experiments, it is now possible to investigate more thoroughly 
the formation of ionized J^ayers in the atmosphere. These investigations are given 
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Among the varions processes proposed for the production of D-lavers wMct 
Iks between altitudes 60 and 100 km (Ghosh and Sha^da Nand, 1931% the process 
proposed^ bv Nicolet (1945% namely, that the normal D-laver is iormed by the 
photoionization of nitric oxide 

NO + hv (> 9.5 ev'-»NO‘^+^ 

has the strongest support. Wataoabe, Marmo, and Pressman (1955) considered 
various hypotheses and showed that the most probable process for this layer for- 
mation is the photoionization of KO by ultraviolet radiation between wavelength 
region il0'3-1340A. From rocket spectrograms, Rense (1953) and Jhonson, Purcell, 
and Tousey (1954) showed that the most of the energy in this spectral region 
is concentrated in the Lyman-a line. Therefore, the noimal D-laycr may be pro- 
duced by the following process 

NO + L^ (1216A}->NO+ (r=0, 1, 2, 3) +i 

The vibrational levels of NO*^ are obtained fiom laboratcry data (Watanabe, 
1954), 

According to Nicolet (1954), the enhancement in the D-laver ionization dii- 
ring fade-outs is due to the flare activity causing the increase of Lyman-a intensity 
and hence of the rate of photoionization of nitric oxide. However, rcckct-bome 
experiments equipped with icn chambers showed no large increase in Lyman-ce in- 
tensity during strong flares (dc Jager, 1959), Friedman and Chubb (1955) pointed 
out that soft X-ray may be responsible for the enhancement in D-Iayer ionization. 
Such X-rays are not observed under quiet solar conditions but are emitted with 
suflScient intensity during flares (Friedman, 1959). 

Following the suggestion of Friedman and Chubb (1955), the enhancement 
in the ionization of D-layer produced by solar X-rays (X< lOA) has been studied 
by Ghosh and Sharda Hand (1961). They calculated the rate of ion production 
due to X-rays and found its average value to be 100 and 133 ions cm~® sec“^ in the 
altitude ranges 80-100 km and 60-80 km respectively. 

The rate of ion production is also calculated from the formula 

( 1 ) 

If the value of a is assumed to be 2.7 X 1^ sec~^ (Nicolet and Aikin, i960) 

and 2.2 X 10“ ®cm* sec**^ (Mitra and Jones, 1954) for the altitude ranges 80-100 km 
and 60-80 km respectively, the calculated values of the rate of ion production agree 
with the values obtained from the above expression provided Ni?=2 7.7X 

10^ cm”^ in the ranges 80-100 km and 60-80 km respectively. 

E^region: 

E. O, Hulburt (1938) proposed that soft X-rays may produce the E-r^ion 
Hoyle and Bates (1948) supported Hulburt^s prcposal. In considering auroral 
phenomena, Vegard (1923, 1938) also suggested that X-rays are a major contrl- 
b^or to the ionization at high altitudes. Also, from solar energy measurements 
m rocket-borne experiments, it appears that ionization of E-layer is due to soft 
X-ray emissions from solar corona. Recently, Friedman (1959) suggested that E-re- 
gion is produced by X-rays and Lyman-^ (1025. 7 A). Ghosh and Sharda Nand 
(1960) hold that although Lyman-^ radiation is absorbed in E-iayer, it does not 
produce ionization because it requires radiations of wavclcoglh less than i019A*. 

*Tiie first ionization potential of obtained by Watanabe, Marmo, and Inn (1953) and also 
by Watanabe (195^) is 12.07 -J- 0-01 ev (i027A). If we accept thb value imtmd 12.2 ev given by 
Herzbr^ (1950), Lyman-^ can ionize O 3 molecules. 
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i^roiQ the traiisraission curves (Fig. 9) for solar radiations in the X-ray and 
ultraviolet regions through the earth’s atmosphere obtained from rocket data, it 
has been shown by Ghosh and Sharda Nand (1960) that only X-rays between the 
wavelength region 5- 100 A are absorbed in the region of the atmosphere occupied by 
E-layer (100-125 km). The amount of X-ray energy absorbed in this layer has been 
estimated to be 0.19 erg cm'* sec'\ The average rate of ion production in the E- 
region is 6.2 X 10^ cm’* sec'^ column"^. This rate of ion production agrees with 
the value^ obtained from the formula (1) provided «=6X19“® cm^ sec“^ and Ne=2 
X 10^ cm"^. 

According to Havens, Friedman, and Hulburt (1954) F^-layer is caused by 
solar radiations 100-200 A and F^-layer by He I (A. 584) and He II (X 304) reso- 
nance lines together with other solar emissions in the region between 100 and 
1000 A. The energy of the solar emission lines of the spectrum between 100 and 
1000 A obtained from rocket-borne spectrographs (Aerobee-Hi, June 4, 1958; 
March 30, 1959j was utilized for calculating the ionization rates from 120 to 350 
km. The electron densities were then determined. The calculated rates of pro- 
duction of ions arc given in Table 10 and electron density distribution with height 
is shown in Fig. 11 (Ghosh and Sharda Nand, 1961). 

From Fig. 11 it follows that radiation XX 100-200 can cause ionization of 
layer> although the height of calculated maximum ionization is lower than the 



Fig, IL Bislribution of electroa density with altitudes. Calculated distributions for radiations (ICK)) 
1000 A), (He I and He II resonance lines), and (100-200A) are shown in curves 1, 2, 
and S respectively. Curve 4 (Jackson et al, 1958) and curve 5 (Nisbet, i960} are obtained 
from rocket-borne experiments (Ghosh and Sharda Nand-Unpublished). 
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ol>served teigbt The Jte resonance iineS can explain the ionization of Fjj|4ayer, 
However, the curve shows no maxima (curve 2). Furthermore, this radiation 
givc^ a maximum peak at i60 km in agreement with that given by RatcliflFe et al 
(1956) for Fj^-layer* The question now arises what role other radiations between 
200 and l<X>0A play. Ghosh and Sharda Nand' (1961) assumed that the whole 
radiation (XA lCO-1000) is used in ionization and showed (curve 1) that it is hard to 
rccc»cilc the big discrepancy between the observed and the calculated values of 
ionization. 


(c) IHstribution of neutral particles in the eartli*s atmosphere 

Although the distribution of with height is well known, our knowledge of 
the distribution of and NO are meagre. These latter gases absorb solar energy in 
the extreme ultraviolet and X-ray regions. Therefore, from the amount of energy 
in these wavelength regions obtained from rocket-borne experiments at diflferent 
altitudes, one can determine the distribution of these gases with height and is 
given below. 

Disiribuiian of 

The rocket data for X-ray energy measurements and their depths of penetration 
arc collected in Table 11. Using these data, the rate of formation of ions by 
K-shell ioni 2 :ation due to absorption of solar X-rays, and also by valence shell 
ionization produced by electrons emanated from K-shell were calculated. The 
p^edure was repeated for molecules and then assuming that the X-ray energy 
received from the sun is spent wholly in ionizing O, and molecules, the 
distribution of Ng in the upper atmosphere was calculated by Ghosh and Sharma 
( 1961 ) and is given in Table 12. The calculated distribution ofN^ was compared 
with other data (Table 13). 


DktribuHon of NO: 

It has been mentioned in Section 4, (b) that the normal D layer ionization is 
caused by photoionization of NO by Lyinan-« radiation and the enhancement of 
ionization of this layer by X rays. The enhancement of ionization by radiations of 
wavelength less than lOA, which are emanated from the sun during solar activity, was 
discussed and its rate of ionization was estimated by Ghosh and Sharda Nand (1961). 
Assuming that the increment in the ionization of D-layer is equal to ten times 
the ionization of normal D-layer, the rate of phoioionization of NO and 
hence the distribution of NO was determined as follows : 

If iSbc the ionization cross section for NO corresponding to frequency v, n(NO) 
the particle concentration per cm®, the number of photons cm“^ sec"^ corres- 

ponding to frequency v incident at a height h, the rate of production of ions is 
given by 

5(N0+) = P n(NC) n(hv)i, . 

Therefore, 


ii(NO)= 


g(NCy-) 

^ n{hv)^ 


The photoionization of NO is mainly due to Lyman*® radiation. Taking the 
imiization cross-section of NO corresponding to Lyman-® as 2XlO~^®cm^ (Nicolet 
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TABLE* 11 


W avelepgth 

Sun> 

Incident 

Altitude k 

Numlwr of O 

Number of 

region 

condition 

energy 

for 95 absorp- 

atoms above 

molecules 




ihn 

altitude M 

alx>ve altitudcA 

(A) 


(erg/cin%ec) 

(km) 

(/cm’column) 

{ /cm%olumii) 

6-10 ■ 

IWI "minutes 

10-*- 10-® 

95 

7-0X10*3 

1-8x10“ 


after class I 




flare 





Below ■ 

8 

Late in class 
~ I flare 

5-0x10-* 

95 

7-0X10“ 

1-8X10“ 

8-12 

Quiet 

3-0 X 10'® 

100 

4-9X10“ 

1-5X10*3 

8- 18 

High coronal 

0-6 

105 

2- 6X10“ 

1-8X10*® 


activity 



8-20 

— do- 

0-1 

105 

2-6X10“ 

1-8X10“ 

8-20 

Quiet 

1-5 X 10-’ 

105 

2-6X10“ 

1-8X10** 

8-20 

- do - 

1-3x10-3 

105 

2'6xi0“ 

1-8X10“ 

8-20 

- do — 

1-2x10-3 

105 

2-6X10“ 

i-8Xl(P 

8-20 

Minimum so- 

0-4x10-3 

105 

2-6x10“ 

1-8x10“ 


lar activity 




44 — 60 

~do — 

1-4x10-3 

110 

2*3X10*^ 

5-2X10“ 

44-100 

- do - 

2-9x10-3 

120 

50X10“ 

2-8X10“ 

44-100 

• do — 

3-5x10-3 

120 

5-0x10“' 

2-8X10** 


TABLE 12 


Rate of ion 

production above 
altitude h 

Rate of ion 

production above 
altitude h 

Rate of ion 

production above 
altitude h 

Number of calculated 

Njj molecules above 
altitude h 

(jem^ col sec) 

( Jem- col sec) 

(/cm* col sec) 

(/cm^ col J 

5-3X10® 

2-7X10® 

85X10® 

1-1 X 10*® 

7-3Xl(^ 

4-4X10® 

1-6X1CF 

1-5x10“ 

2-8X103 

1*9X10® 

5-3x103 

7-7x10*8 

5-7X10® 

8*7X107 

9 7X10^ 

4-3x10“ 

8-9X10® 

1-4X103 

1-6x10® 

4-3x10“ 

1-1X103 

1-7X10® 

2-3X103 

4-4 X 10*8 

9-4X10® 

1-5X10® 

20X103 

4-3x10** 

8-7X10® 

1-3X10® 

1-8X103 

4-3 < 10*8 

2-9X10® 

4-5X10* 

6-OX 10® 

4-3x10“ 

4-0X103 

2-1X10® 

5-2x10® 

3-4x10“ 

3-5X103 

4-6X10* 

1-1X10® 

2-0x10*8 

4-0X10* 

5-4X10* 

l:4XiO* 

1-9x10“ 


*Gh«h, S. N, and Shama, K. D. (1961). 
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TABLE 13 


Number of molecular nitrogen in the atmosphere above the depth of 

penetration 


Altitude 

Number of mole- 
cules above altitude 
h after White and 
Newell (1956) 

Number of mole- 
cules above altitude 
h after Miller (1957) 

Calculated number 
of molecules 

above altitude h 
after Ghosh and 
Sharma (1961) 

(km) 

(/cm^ column) 

(/cm^ column) 

(/cm^ column) 

95 

4-0X10^^ 

3-8X10“ 

1-1X10“ 

100 

1-4X16“ 

1-2X10“ 

7-7X10“ 

105 

8-3X10“ 

. 7-0X10“ 

4-3X 10“ 

110 

3-2X10“ 

2-6X10“ 

3-4X10“ 

120 

9-0X10“ 

7-0X10“ 

1-9X10“ 


and Aikiuj 1960) and the energy of Lyman-a at the top of the atmosphere equal to 
6’3 erg' cm~^ sec“^ (Byram et al, 1958), the distribution of NO with height was 
^Iculated by Ghosh and Sharda Nand (1961) from the above formula and is given 
in Table 14. The calculated values were compared with other available data given 
in Table 15. 


TABLE 14 

Calculated distribution of NO with height 


Height Number of incident photons n(NO) 

(km) (cm~^ sec-^) (cm-^, 


70 

3.9x10“ 

1.7x108 

80 

2.3x10“ 

2.6x10’ 

90 

3.5X10“ 

1.4x10’ 

lOQ 

3.7X10“ 

1.3x10’ 
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TABIS 15 


The distribution of NO with height obtained by different investigators 


Height 

(km) 

n(NO) 

(cm*^ 

Investigator 

75 

2X1011 1 

Bates and S^attm (1950) 

90 

4x1010 J 

D*regk>ii 

1x1010 

Milra (.1954) 

70 

1x107 -] 


80 

2.2x10* 


90 

l.lxlQi 

Nicolet (1958) 

100 

2.7x10* ^ 


70 

3.98x10® ■) 


80 

1,00x10® 


9Q 

i.Kxioi 

1 Miller (1957) 

100 

3.96x10® J 



5. SOME nJTURE PROBLEMS 

1. In SetawKi 2, we have mentioned the difficulties associated with photograph- 
ing solar spectrum from a rocket. This is mainly due to the short time available 
for making such observation. The total time of flight erf" a rocket is only about 
five minutes of which only 3 minutes are available for taking observation, because 
r lnriwg thdfl pprind the rocket remains in the high altitude regions of the atmosphere. 
This difficulty can be eliminated if the observations are taken from satellites 

stay aloft in the sky for days, months, and even years. lu such case, 
it may even be possible to take X-ray spectrum of solar radiations which has 
not yet been photographed. Furthermore, if observations are taken from a satellite, 
it may be possible to use a spectrograph of high resolution requiring long time of 
exposure so that greater detail of the spectrum may be obtained. 

2. The E4ayet is found to have an eleven-year variatirm. If this 

laver is* caused by X-rays (Section 4-b), the radiations emitted from the sun should 
alw vary with this period. Therefore, the obseivations should be made at 
least during a complete solar cyde from an altitude above the E-laycr. Smilar 
observatiems should also be made for extreme ultraviolet radiations from high 

altitudes. 

3 More observations of the solar spectmm should be made under quiet sun 
CMjditi^ and also during flare time in order to clarify the cause of ionization of 
«ppor atmosplwric layers. 

4 It was mentioned before (Section 3-d) that radiations upto 0.SA vraa detected 
from a* rocket-borne photon counter. Attempts should be made to obtain hard 
X*rays, if any» arc emanated from the sun. 
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5. Observations ia the extreme ultraviolet region below lOOOA, in particular 
below 500A, are very meagre. Many lines were photographed by Violett and 
Reuse (1959; in the region between Lyman o: and 550A. However, these lines 
were absent in the spefctrum obtained by Parcell et al (1950). More observations 
should be taken in this region of the solar spectrum. 
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SfEGTRA OF POLYAtOMIG MOLECULES 


Bj. 

NAND LAL SINGH 
Banaras Hindu UniosTsity 
[Received on 7th April, 1962] 

INTRODUCrnONT 

Spectra of atoms and diat^ic molecules are fairly well understood both from 
theoretical and experimental points of view; but the progress in the Spectroscopy of 
polyatomic molecules specially from its theoretical aspect has been very slow. 

Earlier spectroscopic work on polyatomic molecules concern mainly with 

. absorption spectra in liquid or in solution, studied in the 

visible and m the ultraviolet regions and recently in infrared regions also. 

and (b) their Raman spectra, also studied in liquid or solution phases* 
These studies have given information about the frequencies of such molecules in 
their ground state which are highly perturbed by intermolecular forces. We do not 
get information about free molecules. 

The studies in gaseous phase are almost entirely free from intei>molccular 
forces. Attempts with fruitful results have been made recently to study the Raman 
and Infrared spectra of these molecules in gaseous phase. 

.Use of study of electronic spectra 

The study of the electronic spectra of polyatomic molecules in vapour phase 
provides the following informations 

1. The change of electronic energy of the free molecule^ and 

2. The normal vibrations of both the electronic states involved. 

The selection rules governing the appearance of vibrations in the case of 
Electronic, Raman and Infrard spectra arc not the same hence some vibrations 
which are not observed in Raman and I. R. spectra may appear in tbe elixtronic 
spectra. 

3. Information regarding the structure, the normal vibrations and vibrational 
interactions and rntfa-miulecular force-field of a molecule in its< electronically exdted 
states can be known. 

4. Interactions between electronic and vibrational motions which play a 
prominent role in the electronic spectra of polyatomic molecules can be investigated. 

5. Internal and external factors affecting the mean life of a molecule in its 
electronically excited states can be determined. 

Electronic spectra in absorption give information mostly about their excited 
state ; while their emission spectra give fuller informations about the ground state* 
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Emissioo spccira can be studied in iuoresc^nce, pliwpiiorcsceiicc and' by electrii»i 
cxdtalion. Emission in ^ fiiiorcsccncc and pbospboresccnce is too weak ; while 
emission by clcctri'Cai excitation is too difficult to manipulate without dissociation, 
AH the same the emission studies are highly desircabic not only for a full under- 
standing of the ground state, but also in the development of the theory of spectra of 
polyatomic molecules which is still in its infancy. The only molecule of which the 
near U* V. spectrum has been understood to some degree of completcntts is 
benzene. 

According to the molrailar orbital theory, benzene has got six mobile 
electrons, each carbon atem contributing <me. These move in a field of hcxagcmal 
symmetry of the nuclear frame and the combined charge distribution has a node in 
the frame of the ring. Two of these electrons are accximmc^ated in I =§ and the 
remaining four are accommodated in / = 1. As such the ground state oanfigur- 
ation is represented by 0* If one electron out of these is excited, the resulting 
configuration in the new state beexjmes 

0^^13 2 

which is fourfold degenerate. Group theoretical cemsiderations show that this four 
fold degenerate state splits into two non-degenerate states and a doubly degenerate 
state ; but one can not know about the order of splitting or the measure of energv 
present in these states. We can only ascertain their symmetry types. This 
knowledge combined with the experimental data has proved that the 2600l system 
in benzene arises out of which is a forbidden transition; but is made 

allowed due to a suitable non-totally symmetric vibration. 

In the case of substituted benzenes, the symmetry is lowered and greater 
complexities arise due to these substituents leading to more and more uncertainty in 
arriving at definite conclusions. Their vibrational data arc also not as comprehen- 
sive as that of benzene. 

The symmetry of low lying levels in substituted benzenes can be obtained to a 
dc^c approximation from those of benzene, when the correspond to certain 
types in D 2 ^ or 02^ or Convenient illustrations of these transformations have 

been given by Langseth and Lord as shown in figure (!). Since the near U. V. 



Fig. L Ccffrespoading syimnctry types obtained by sutetittiiions. 
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absorption spectrum of benzene Ircpresants a transition Ig transitioiiS 

for substituted benzenes are also shown in the same figure. These levels occur with 
multiplicities of one or three. Lewis and Kasha have observed such levels in their 
phosphorescence studies. 

Because of rapid dissociation, the emission by electrical excitation is rather 
too diflScult ; yet Stewart et al and Schiiler have succeded in exciting some of the 
polyatomic molecules and radicals in suitable discharge tubes. We, in the Depart- 
ment of Spectroscopy, Banaras Hindu University, have also succeeded in getting 
the emission spectra of some SO molecules such as benzene, toulene, bcczaldehyde, 
aniline, phenol, anisole, phenetole, benzonitrile, xylenes, cresols, di cholorobenzcne, 
fluorobenzene, benzotrifluoride, ethylbenxene, chlorophenol etc. The results 
obtained have already been reported to learned societies such as this on different 
occassions. 

I shall present before you some of these results indicating the experimental 
manipulation in getting their characteristic emission spectra before dissociation. 

The absorption spectra were taken in suitable tubes fitted with quartz win- 
dows joined through quartz to glass graded seal. A bulb containing the substance 
was attached in the middle to one side of the tube. The source of continuum has 
invariably been a Hydrogen bulb operated by a regulated power unit. The vapour 
pressure was regulated by suitably heating or cooling the bulb and sometimes the 
whole tube. 

The emission spectra were obtained by exciting the substance in flowing 
vapour state with an uncondensed transformer discharge controlled by a variac^ or 
high frequency discharge. The discharge tube in the case of transformer excitation 
has always been of the conventional tt type of length varying from 25 cm to 100 
ems and diameter 2*5 cms. The ends were fitted with quartz windows joined by 
quartz to glass seals. 

The electronic spectra of polyatomic molecules are very complicated because 
of a large number of vibrations involved in both the states and the superposition of 
different rotational transitions. Simpler symmetry considerations permit us to 
interpret the vibrational pattern of the band system and to decipher in favourable 
cases the nature of the electronic states involved. The transition probability 
between two states is proportional to 

/ M f^el dTel, 

where Mis the electric dipole moment of the system and and are the 
eigenfunctions of the two electronic states under consideration. dTel indicates that 
the integration is to be carried over the whole electronic configuration. The 
transition will be allowed only if it remains unchanged under all symmetry oper- 
ations or that the expression should be totally symmetric. It can be seen that this 
expression should be totally symmetric when the product ^"el is of the same 
symmetry as that of M which in turn behaves as a translation. So we see, that the 
nature-forbidden or allowed — of a transition depends upon the product 
which in turn depends upon the symmetry properties of the two states. It is likely 
that the product ^ wel does not behave as a translation (as in benzene) and the 
transition is forbidden but still it may be observable (again as in Benzene) by the 
perturbing influence of vibrations of proper symmetry. In such cases the presence 
of vibration changes the symmetry type of the Eigenfunction of one or of both the 
electronic states in such a manner that their product once again starts behaving as a 
translation and the product f'el dTel, becomes totally symmetric. The 

perturbing influence of vibration is possible both in allowed and forbidden transition 
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as well, but in the case of allowed transition it is observed only weakly. However, 
when the transition is forbidden they are predominant. 

A consideration of the symmetry types of the vibrational eigenfunctions 
indicates that the nature of vibrational pattern in the case of an allowed transition 
will follow the selection rules 

1. A totally symmetric vibration may change by any number of quanta, 

= 0, 1, 2, S.. 

2. A non- totally symmetric vibration may change by an even number of 
quanta, 

Az^== 0,2,4,.. 

3. No transition will take place from a state in which only totally symmetric 
vibrations are excited by several quanta to another state in which in addition one 
non-totally symmetric vibration with one quantum is present. 

We expect in the case of an allowed transition one quantum progression of 
totally symmetric vibrations and their combination. We expect a two quanta pro- 
gression of non-totally symmetric vibration to occur with weaker intensity and also 
combination bands of such vibrations as are allowed by the above selection rules. 

In the case of forbidden transition, there being no zero band the above pattern 
starts from the band which involves the one quantum excitation of the vibration 
making the transition allowed. 

(a) On the emission spectrum of mono*finorobenzene 

The emission spectrum of fluorabenzenc excited by an uncondensed transfor- 
mer and also by H. F. discharge through mixed vapour of fluorobenzene and 
n-hexane, were photographed on Hilger Ej and E* Quartz Spectrographs by 
Dr. K. N. Upadhya. More than 100 sharp and red degraded bands have been 
recorded on the plate. 

The emission spectrum consisting of more than 100 bands lies in the region 
2577 — 2988X. A continuum starts from 0, 0 band and covers faintly the entire 
spectrum without any sharp limit. The intensity of the continuum is maximum 
near about 2800X and fades gradually on the longer wavelength side. Reproduc- 
tion of a sample plate is given in fig. (2). 



OOO 6 O 

Fig. 2. Emission spectrum of monorfluorobeazene ) spectr^^am t3.kca^|[on Hilger#* Ej Opartz 
Spectrograph ; slit width 0.04 mm time 6 Hours.:^ 
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The symmetry of mono-fluorobenzene molecule can be taken to belong to € 2 ^ 

point-group to the first approximation and as such the electronic transition between 
states is an allowed transition. We expect totally symmetric vibrations to 
form progression. Vibrational analysis of the bands measured shows that out of 
four types of vibrations those of types ai, and are abserved. The position of 
0, 0 band is observed at 37819 cm-^ which is close in agreement to fluorescence and 
absorption data. The following table gives the fundamental vibrations which are 
observed in the emission study. The symmetry as well as the probable modes of the 
fundamental vibrations are also included. 


TABLE 2 


Raman spectrum 
frequencies in cm’^ 

Emission spectrum 
frequencies in cm*^ 

Symmetry 

Assignments 

241 

244 

h 

G-F cut of plane vibra- 

407 

418 

h 

tion. 

519 

517 


Totally symmetric part 

612 

616 


of Eg* (606 cm-^) vibration 
of benzene^ 

Non-totally symmetric 

759 

807 

758 

810 


part of 606 cm vibration. 

831 

825 



1010 

1009 


Ring br eathing vibration. 

1024 

1025 

<h 

Carbon vibration. 

1157 

1156 


G— H bending. 

1218 

1220 

“j 

G — F stretching. 

1301 

1303 


3072 

1468 

3068 


G— H stretching. 


_ Apart from thcro^ grouild state frequencies the three frequencies 965 910 77ft 

corresponding to 1025 cm-i ground state vibration. The other' two eaci'eTstatc 
qnSrr^pS/. <0 1009 and 825 cm-* ground state fre- 


.ion S X^tSoWSTbett SX.™: “ ““!>-■ 

imrnse band lying toward, longer wave length side of the L,o bind.' 

photographed ^on^Hil^t* LargroIfarW^Sne^f discharge were 
igcr luarge y,uartz Spectrograph and on Fuess Spectrograph 
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by Garg S. N., and Singh Ij S, Exposure time onHilger Spectrograph was 10 hours 
with a slit width '05 mm. and on Fuess it was 6 hours with a slit width of -OS mm. 

The spectrum lies in the region 3679 59331 and consist of 325 bands. Some 
of the bands are very sharp and present a line like structure and some are diffuse 
and are degraded towards the red. A reproduction of the spectrum is given in 
fig. (3), 



O 

o 


5 i 

T3 ® 

5 § 
■ft 5 

S -3 


u ^ 

U oa 

a ^ 

N '9* 

T- <a 
*-* 

S tso 
S o 
cr w 

a u 

5 

4 ll 

^ “ to 
^ !! 

iS 

a C C 
5S o o 
5* « fi 

Cm' V 

O ^ ^ 

s ^ ^ 
2 S S 
U S 2 

be be 
& c w 

«1 ^ Vrf 

C O Q 
C <u 

•g cw a. 

.S5 c/j C/3 

a . . 

« < pa 


CO 

to 

E 


It is possible to explain ‘the. grass structure|of fthe spectrum on tbe basis of an 
flowed transition Aj— Bi of the symmetry group C%w but the finer details require a 


lower symmetry Cg with the planes of CHO and CeHs groups mutually perpendi- 
cular involving transition A'— A". Probably the reduction of high symmetry 
to takes place through the intermediary C^r symmetry. 

Analysis : 


Band at Separation Raman line Correlated with 


26912 cm-^ 0-0 Corresponds to the zero band in absorption 

where the band at 26917 cm-^ is taken as 
(0,0) band. Robinson has taken 26914 cm"^ 
as zero band in emission. 


25179 1733 

23451 S f This forms a pro- 

21744 1 gression and six 

20054 I quanta are obser- 

18398 I ved. Each forms 

16772 head of a group 
I of bands arising 
1 out of other fre- 

L quencies and their 
combinations. 

25309 W 1603 


23867 m. | 


S0i5 

20824 v.w. 1 

1 

1 

2 

X 3045 

1 

25708 w. 1 

1 


1204 

24505 v.w. 1 

1 

2 

X 1204 

25909 v.w. 1 


1003 

24908 v.w. 1 

1 

2 

X 1001 


1700 cm“i strongly pol- 
arised. 


1598 (depol. 0*88) to- 
tally symmetric freq, 
combines with various 
quanta of 1733 and other 
frequencies. 

3065 totally symmetric 
line. 

This also forms combi- 
nations with 1733 cm~^ 
(C = 0). 

1204 polarised 

This also forms combi- 
nations with 1733 cir.-K 

1001 S.^ Polarised 


Also forms combina- 
tions \/ith i7j3 & other 
freq. 


Assigned as the G=0 
stretching frequency. 




Corresponds to the 
benzene freq. 1600 cm"^. 


Magnitude of this freq. 
suggests it to be C— H 
stretching. 


^ Corresponds to the 
vibration of benzene. 

Vibration 3047 cm“i. 

Corresponds to breath- 
ing. 

Vibration 992 cm“^ of 
benzene. 


Other ground frequencies observed in emission are 245 430 775 llPi7 t'u 

tnd I’S- or- “245 S:*™ 
828 are ihe non-totally symmetric and symmetric part respectively of the fj" lier 
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^ene vibration 849 cm-^. The 430 cm“^ frequency is the totally symmetric part of eg-^^ 
vibration of benzene at 606 cm-\ The 1167 cm-^ is the totally symmetric part of 
benzene vibration at 1178 cm“^. 

Difference frequencies observed are 25, 30, 65 and 90 cm-^* which are pro- 
bably due to 1 - 1 transitions of some suitable non- totally symmetric vibrations. 

The upper state vibration frequencies responsible for some other bands are : — 


140, 190, 245, 390, 500, 725, 860, 1175 and 1316 cm-^ of these 190 cm"^ 
combines very strongly with the 1733 cm“^ frequency and its multiples* 


Observed Raman lines and 
electronic spectrum 


vibrational frequencies of the ground state in the 
BENZALDEHYDE 


Raman Lines 


Vibration frequencies of the ground state 

140 (w)d 

• •• 

140 (vw) 

215 (w) 

245 (vw)d 


245 (w) 

280 (vw) 

440 (m)p 

... 

430 (w) 

615 (w)d 


620 (vw) 

650 (vw) 


650 (vw) 

752 (vw) 

... 

775 (w)-? 

828 (w)p 

... 

828 (mw) 

1001 (s)p 

... 

iCOl (m) 

1023 (vw) 

... 

1020 (w) 

1164 (m)p 

... 

1167 (m) 

1204 (ms)p 

... 

1204 (m) 

1395 (w) 

... 

1390 (w) 

1458 (vw) 

... 

1456 (vw) 

1495 (vw) 

... 

1500 (vw) 

1598 (vs)d 

... 

1596 (w) 

1701 (s)p 

... 

1733 (vs)—? 

3065 (ms)p 

... 

3045 (ms)—? 


Agreement : i i rnc 

In ground state frequencies :-173S and its progressions, 215, 1003, 1167, 1596 
and 3045 cm"^. Also in the upper state frequency 190 cm" . 


Difference t ^ ^ t- u. 

The ground state frequency 452 cm"^ is correlated with 4i9 Raman by 

Robinson whereas we find it 433. He assumed ground state frequencies 538 551 
and 591 and correlated only 591 to Raman line 617, We explain the corresponding 
bands in another way. These frequencies are not proposed. 

[ 309 ] 


(£) ()xi tile emission spectrum of plieuoi. 

Sh * "R general programme of our Laboratory to excite the organic molecules 
onn B. R, Das obtained the emission bands of this molecule in an uncondensed 
transformer discharge under critical conditions. The discharge tube was longer in 
IS case, of about 130 cm in length, and the discharge was maintained through the 
owing vapour of the substance and it was found that a voltage of the order of 4 KV 
was suit^le to get the emission bands. The Spectrum was photographed on the 
of Quartz Spectrograph having a dispersion of 13 X/mm in the region 

The complete spectrum lies between 2720-2940 X and consists of red degraded 
bands which are not very sharp. A continuum is superposed over the entire spectrum 
and ends without sharp limit on] the red side. About seventy bands have been 
measured on Hilger L76 Measuring Microscope having a least count of O’OOl mm. 
A reproduction of the spectrum is given in fig. (4). 



Fig. 4, Emission spectrum of phenol : spectrogram taken on Hilger Qiiartz Spectrograph. 


Assuming OH radical to be one atom substituted in place of one H atom in 
benzene ring, the symmetry of phenol is reduced to The bands are then 

attributed to the allowed transition 


The very weak band at 36354 Gm-^ is taken as the 0,0 band of the system. The 
weak intensity of the band, obviously due to self absorption by the unexcited vapour, 
is attributed to the very high oscillator strength of phenol and in some of the earlier 
plates, taken with discharge tube having window about 2 cm. away from the dis- 
charge (i.e, electrode), did not show this band ; instead an absorption band in the 
continuum superposing the spectrum was observed in its place. This band agrees 
within experimental error with the 0,0 band in the absorption spectrum. 


The bands lying at 36114, 35828, 35792, 35538, 35522, 35352 and 35099 are 
separated from the 0,0 band by 240 526, «25, 816, 832, 1002, and 1255 cm-i TheL 
are presumed to be the ground state frequencies and are correlated with Raman 
frequencies 242, 532, 617, 812, 429, 1001 and 1253. 

A differenee frequency 19 cm'i has been found to be loaded on some of the 
alrove stronger bands and 2 to 3 quanta of it has been observed. This is the 
difference frequency due to V' - V" transitions between low lying levels. 
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EMISSION SPECTRUM OF NiBr 


By 

N, SUNDARACHARY* 

Department of Spectroscopy ^ Banaras Hindu University 
[Received on 7tli April, 1962] 

1. INTRdDUCJriON 

From empirical considerations it is expected that the diatomic nickel halide 
molecules should have electronic states with even multiplicities, but so far it is not 
definitely known whether the states involved in the emission of visible spectrum of 
NiBr are doublets or qaurtets or even both. 

Kristnamurty (1952) excited the emission spectrum of NiBr in 2000 volts D. G, 
discharge and photographed it on a very low dispersion instrument such as Fuess 
Spectrograph. He analysed the spectrum in the region AA. 4000X to 5000 X into 
three systems designated as p and T. Systems a and B were interpreted as due to 
transitions from two separate states to a common state, which has been assumed 
to be the ground , state of the naolecule. 

’ Reddy and Rao (1960) excited the molecule again under 2000 Volts D. G. 
discharge and photographed the spectrum on a grating spectrograph with a disper- 
sion of L25 X/mm. They analysed the bands in the region X 4050 X to A 4700 X into 
six brief systems and designated them as a,, ^2 which 0 :^, ^2 

y were found to be double headed while the rest were single headed, but they failed 
tb observe the heads of S and T and other satellite branches as reported by Kristna- 
murty#. ^Instead the bands are either single headed or double headed. This leads 
one to think that the transitions between quartet states are improbable. Reddy and 
Rao^s analysis of the spectrum also did not yield sufiScient information regarding the 
multiplicity of the electronic ^states involved and the nature of the probable ground 
state of the molecule. It was, therefore, considered worthwhile to reinvestigate the 
spectrum of NiBr more'systemtatically and under better conditions of excitation. 

2. .EXPERIMENTAL. 

- The spectrum was excited using an anhydrous B. D. H. sample of NiBr^ in a 
V form Pyrex tube with 9 mm bore. A 1 K W power transformer was used as a 
source of excitation and a strong heating of the discharge tube was found necessary 
to maintain sufficient vapour pressure of the substance. The NiBr bands were well 
developed; when the colour of the discharge was blue. The spectrum was rocorded 
on various low dispersion instruments such as Fuess Spectrograph and finally in the 
2nd order of 21 ft. Goncaye Grating Spectrograph (Eagle Mounting) with an 
average dispersion of 1.25 X/mm. Exposure of 2 to 3 hours was found sufficient 
to obtain good quality plates on the Gracing Spectrograph, 

3. STUDY OF PLATES AND ANALYSIS,, 

The spectrum of NiBr, extends from A 5590 X to A 3800 X and all bands are 
re4 degraded. Due to rapid decomposition of the substance there are number of 

Preuni address : f>eptt* of Physics, IiiHiah Institute of Technology, Kanpur. 
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atomic iines overlapping the spectrum and some times making it impossible to se^ 
some weak bands. Just as in the case of NiGl spectrum, band systems of NiBr exhibit 
very strong l\v=0 sequences and weak ± 1 sequences while ± 2, ± 3 etc. sequences 
are not at all observed. 

Comparatively stronger part of the spectrum in the region X 4050 X to x 4500 X 
has been analysed into five systems designated as A, B, G, D and E (shown in the 
Fig. (2).j Ttie systems A, G, D and E correspond to systems and of 

Reddy and Rao, whose ( 0 , 0 ) bands lie approximately at x\ 4112 X (Q,), 4204 X (Q), 
4354 X and 4457 (Q) X respectively. Our analysis of band systems A and D almost 
correspond to systems ct^ and of Reddy aad Rao except for small differences in the 
value of vibrational constants. The points of disagreement are regarding the band 
systems and 

Rjeddy and Rao reported the bands of system (present C) as singk headed, 
hut actually we find them clearly on our grating plates as double headed. Regard*^ 
ing system (present E), we could record the ( 1 , 0 ), (2, 1) and ( 0 , 1 ) bands on some 
overexposed plates on grating spectrograph. The only ( 1 , Oj band (according to 
their analysis) which Reddy and Rao were able to measure on prism plates fits in our 
analysis as (2, 1) band. Thus, our present paper deals with the analysis and interpreta* 
tion of three double headed and one single headed band systems. The wavedength and 
wave-number data of the bands of four systems with their vibrational quantum 
assignments are shown in the table Nos. 1 , 3, 5 and 7. The derived vibrational 
constants and the in wave numbers are summarised in the i^ble 

No. 9. 

4. ISOTOPE EFFECT 

More abundant isotopes of Nickel are having masses 58 and 60. Their natural 
abundances arc 68 ®^ and 27^/^ respectively. Bromine is having two isotopes of nearly 
equal abundance with masses 79 and 81. Therefore, in a natural mixture we expect 
four^ isotopic ^ NiBr molecules namely ®®Ni ^^Br, sSiVji 793 ^^ and 6 ®Ni ®^Br 

participating in the emission of the spectrum. In the spectrum as photographed in 
the ind order of grating spectrograph, we could observe the. band heads of all four 
species with expected intensity ratio, namely 3 : 3 : I : 1 , in sequences of 

aB band systems. The wavenumber interval between the bands due to bromine 
isotopes is^f the order 1 ern^ while that of the bands due to nickel isotopes is of the 
order 3 cm \ The observed shifts of isotopic bands from the corresponding band 
head of molecule are compared with the calculated shifts in the tables 

Nos^. 2, 4^ 6 and 8 . Observation of isotope effect both due to nickel and teomine 
indicate the correctness of our analysis of the bands, 

. 5. DISCUSSION 

M shown in taUe No. 9 all the four systems show nearly equal values <rfirst 
vihrarional quanta in their upper states. The band systems A and G show nearly 
equal ^ vibrational quanta (307.2 cm"i) and also vibrational frequencies (309.4 
cm"^) in their iowa: states, while the band systems D and E also show nesiriy muk 
first vibrational quanta of another value (320.5 ewT^ in their lower states. This 
shows that these two pairs of band systems are having two different lower states with 
vibrational frequencies — 309.4 cm"^and <,)«=s322,6 cm”\ 

An interval of 533 cm*^ occurs between the origins of first pair of band systems 
(A and G) and also between the origins of second pair of band systems (D and E). 
This observation leads us to suggest that these four systems probably arise out <£ 
trausitions from a common doublet state with coa 294 cxnT^ to two different lower 
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states with oje = 3094 cm-^ and = 322*6 cm'^ If so, 533 cm~^ has to be taken as an 
electronic splitting of the upper comznon doublet state. Considering th^e observed 
facts foEowing energy level diagram has been constructed repfesenting the transitions 
giving rise to these four systems. The observed first vibrational quantum of 
each electronic states and the relative heights of the states are shown in the 
diagram* (Fig 1). 


Cm' 



Fig. 1. Energy level diagram representing the transitions giving ri^ to the systems A, B» C, D and 
E of NiBr. 


Thus it is possible to interpret these four systems as due to transitions from a 
doublet electronic state with electronic multiplet splitting equal to 533 cm ^ to two 
different lower states with negligible electronic splittings such as ^2, ^ A 
(case b) states. The lowest of these two with a:x/a=307,2 cm"^ or 2£;e=309’4cm ^may 
probably be identified as the normal state of the molecule, but the evidence is not 
complete, Heimer (1937X Gaydon and Pearse (1935) analysed the fine structure of 
the NiH bands and determined as the ground state of the molecule NiH. 
Diatomic halides and hydride of an atom in most of the definitely known cases 
show the same type of ground states. Therefore the ground state of the 
NiBr molecule may be assumed to be a state with negligible electronic 
splitting. 


[ m I 




Tig. 2. Section of emission spec, mm, of NiBr in the region \ 4000 X to X 4550 as photographed in the 2nd order graphed classification 
of bands into systems A, B, G, D and E is shown. 


TABLE No. 1 
System — A 


X (Air) X 

I 

k (Vac) cm ^ 

V'X 

Isotopic Emitter 

4062*7 

2 

24607-2 

(l.O) R 

«Ni 

- - 4062*9 

2 ■ 

24606*0 

(l.O) R 

«Ni 8iBr 

4066*'5 

2 

24584*2 

(2.1) R 

79Br 

4066*7 

2 

24583-0 

(2,1) R 

aoj^-i aigi. 

4110*86 

10 

24318-97 

(0,0) R 


4112‘02 

8 

24312*12 

(0.0)0, 


4il4-00 

6 

24300*4 

(1.1) R 


4115*04,.,. 

. ...4 

24294*3 

(1.1)0. 


4117*6 

2 

24279*16 

(2,2) R 


4162*9 

1 

24014-9 

(0,1) R 

6”Ni 8iBr 

4L634 

1 

- . 24013*8 

(0.1) R 

•"Ni *3Br . 

4163-4 

2 

24012*1 

(0,1) R 

5*Ni 8iBr 

4163*6, 

3 

24010-9 

(0,1) R 


i 


j. 

(0,1) a' 

8“iSli «Br 

,4164*2 

112 

24007*5 

(0,1) 0. 

eojsliMBr 

4164-4 

1 

■ 24006-3 

(0.1)0. 

58Ni aiBr 

4164-65 

1 

24004*8 

(0.1) 0. 

s«Ni ’®Br 

4165-6 

1 

23999*4 

(1.2) R 

80Ni 8iBr 

-4165-8 

1 

23998*2 

(1,2) R 

60Ni »9Br 

.4166*06 

3 

23996*7 

(1,2) R 

=8Ni8iBr 

4166*3 

3 

23995*4 

(1.2) R 

s8Ni ^^Br 


- 

- 

(1.2) 0. 


.MM 


, — 

(2,3) R 

«»Ni siBr 




(2.3) R 

80Ni 79Br 

4169*5 

3 

23976-9 

(2.3) R 

ssj^i sigj. 

-4169-8 

3 

23975-2 

(2,3) R 

58Ni ^^Br 



mm 

(2.3) 0, 

eOxNi 8iBr 



mm. 

(2,3) a 

60Ni ^"Br 

4170*5. 

2 

23971-2 

(2,3) O 

saj^i aiBr 

4170-9 

2 

23968-9 

(2,3)0. 

saNi ’9Bi 
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TABLE No. 2 

Isotope Effea in System-^ A 
Observed and calculated shifts 


V', V" 

ssNi ”Br 

_58jsji siBr 

sSj^i ;9Br-60Ni '^®Br 


Av (Gal) cm”! 

Aw 

(obs) cm“i 

Av (cal) cm ^ 

Av (obs) 

(0, 1)R 

1.6 


1.3 

3,05 

2.9 

(0, 1)0. 

1.6 


1.5 

3.05 

2.9 

(1,2)R 

1.7 


1.3 

3.27 

2.0 

(1.2ia 

- 


— 


■ 

(2, 3)R 

1.8 


1.7 

— 


(2,3)a 

1.8 


2.3 


mmm 




TABLE No. 3 





System — 

C 


X (Air) K 


I 


k (Vac) cm"^ 

V', V* 

4152.6 


1 


24074.5 

(1. 0)R 

4153.0 


1 


24072.2 

(1.0)Ri . 





- 

(U0)CI 

4203.97 


4 


23786.02 

(0, C^R 

4204.5 


4 


23777.4 

(0,G)Q 

4206.1 


2 


23768.16 

(1,1)R 

4207.5 


2 


23760.4 

(1, i)a 

4257.7 


1 


23480.3 

(0. l>Ri 

4258.0 


1 


23478.6 

(0. l)R 

4258.9 


1 


23475.6 

(0. l)Q.i 

4259.2 


1 


23472.6 

(0.1)0, 

4260.4 


1 


23465.4 

(1, 2)R, 

4260.7 


1 


23463.7 

(1.2)R 

— 


- 


- 

(1. 2)0. 

4262,2 


1 


23455.5 

(2, 3)Rj 

4262.5 


1 


23454.1 

(2. 3)R 

4263.7 


1 


23447.2 

(2. 3)Qi 

4264.0 


1 


43445.6 

(2.3)Q 


Band heads denoted by i are due to isotopic molecule ®*Ni ®^Br, 
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table No. 4 

Isotope Effect in System — C 
Galciilated and observed shifts 


(Due to Bromine only) 


V', V" 


Av (Cal.) cm"^ 


Ay(Obs.) cm ^ 

(1, 0)R 


-1.5 


-2.3 

(0, 1)R7 


1.7 


1.7 

(0> 1)0, 


i.7 


1.6 

(l.2)R 


1.7 


i.7 

(2,3)R 


1.8 


1.4 

(2, 3)0, 


1.8 


L6 



TABLE No 5 





System^ D 



X (Air) X 

I 

k (Vac) cm"^ 

V',V" 

Isotopic Emitter 

4300.07 

1 

23248,9 

(1, 0) 

E«Ni 

4300,3 

1 

23247.5 

('.0) 

aiBr 

4300.6 


23246.16 

(1.0) 

eojsiiTsBr 

4300.8 


23244.9 

(l.O) 

eojsji aiBr 

4306.83 

1 

23212.4 

(2. 1) 

s8j^i73Br 

4307.03 

1 

23211,35 

(2, 1) 


4314.2 

1 

23172.7 

(3,2) 


4314.34 

1 

23172.07 

(3. 2) 

58iNi »iBr 

4322.38 

1 

23128.9 

(4. 3) 

s8Ni ^®Br 

4322.56 

1 

23128.5 

(4 3) 

sajsti 8iBr 

4330.0 

i 

23088.2 

(5.4) 


4354.08 

6 

22960.5 

(0,0) 


4360.15 

4 

22928.5 

(1, 1) 


4366.74 

2 

22893.8 

<2, 2) 


4373.76 

1 

22857.2 

(3,3) 


4415.42 

1 

22641.56 

(0, 1) 

5«Ni ®Br 

4415,72 

1 

22640.0 

(0,1) 


4420.77 

h 

22614.98 

(1. 2) 

®0Ni«^Br 

4420,95 

h 

22613.25 

(1, 2) 

»Ni '^^Bt 

4421.28 

1 

22611.55 

(1.2) 

58Ni ^Br 

4421.6 

1 

22609.9 

(1.2) 

58Ni ''®Br 

4426.92 

0 

22582.75 

(2, 3) 

^Br 

4427.18 

0 

22581.4 

(2,3) 

sojsii 79Br 

4427.6 

1 

22579.3 

(2.3) 

58Ni 8iBr 

4428.05 

1 

22577.2 

(2. 3) 

58Ni "^sBr 

4434.5 

1 

22544.1 

(3,4) 

s^Ni ®^Br 

4434.94 

1 

22541.9 

(3,4) 

58Ni 79Br 


[ S17 1 


'table ko. e 

Isot ope effect in System — D 
Observed and calculated shifts 


V', V" 

sSNi ’^Br •— aiBr 

s8Ni'79Br 

— «5|sfi79Br 


Av (Gal) Av (obs) cm”^ 

Av (cal) cm“^ 

Av (obs) cm"^ 

(l.O) 

-1-4 

-1-4 

••• 

- 2-72 

(2,1) 

-1-2 

-1-1 

• •• 

... 

(3,2) . 

-0-9 

-.0-7 


't' 

(4.3) 

- 0-6 

-0-5 



(0,1) 

1-8 

1-5 


• •• 

(1,2) 

1-9 

1-6 

... 

3*3 

' (2,3) 

2-1 

2-1 



(3,4) 

2-4 

2-2 

... 

mm * 



TABLE No. 7 




System-^ 

-E 


X (Air) X 

I 

k (Vac) cm"”^ 

V',V" 

Isotopic Emitter 

4399-6 

1 

22122-9 

(1.0) R 

[Over lapped by an 

1 Atomic line 

4406-3 

1 

22688-4 

(2,1) R 

s8j^i79Br ■ 

4406-5 

1 

22687-4 

(2.1) R 

» 8 Ni 8 iBr 

4407*4 

1 

22682-7 

(2,1)0. 

saNi ”Bi- 

4407-6 

1 

22681-7 

(2 ,1) O 

“Ni^Br 

4456-27 

4 

22434-0 

(0,0) R 


4457-62 

4 

22427-22 

(0.0) o 


4462*45 

' 2 

' 22402-94 

(1,1) R 


4463-78 

2 

22396-12 

(1.1)0 


4520*61 

1 

22114-77 

(0,1) R - • 

ssNiaiBr 

4520-89 

1 

22113-3 

(0,1) R 

5 a 2 .fi 79Br , % 

4521-43 

0 

22110-72 

(0,1) O ' 

aO]Sfi8i3r 

4521-87 

0 

22108-56 

(0,1) O 

BOiNiT^Br - " 

4522-23 

1 

22106-8 

(0,1) O 

“axNiaiBr ■ 

4522-52 

1 

22105-3 

(0,1) 0 

s8Ni79Br 
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TABLE Ho i 
liotope in System — E 
Calculated and observed shifts 

(Due to Bromine only) 



V',V' 


(Gai) 


(obs.) cm~^ 


(1,0) R 


- 


- 


(2,1) R 


-1-2 


-l-O 


(2,1) a 


-1-2 


-1-0 


(0,1) R 


1-8 


1-4 


(0,0 a 


1-8 


1-5 




TABLE No. 9 




Summary of vibrational constants and first mbralwnal quanta 

System voocm”^ 





A 

24318-97 

288-9 

294-0 2*55 

307-43 

309-5 1*03 

c 

23777*4 

289-06 

- 

306-9 

389*34 1-22 

D 

22960-5 

288-45 

294-03 2-78 

320-4 

322-82 1-21 

E 

22427*22 

288-7 

- 

320-9 

» — 
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I. INTRODUCTION 

After tbe introduction of the fundamental idea of the K, L series in X-ray 
emission and the intimate relation between X-ray emission and absorption 
discontinuities by Barkla, not long aO:er the discovery of X-rays by Rontgen, the 
subject of X-ray spectroscopy was placed on a firm footing by von Laue, Bragg, 
M. de Broglie, Siegbahn and their associates. Various problems in X-ray 
spectroscopy such as accurate measurements of X-ray wave-lengths, determination 
of short wave-length limit of the continuous spectrum, the line widths, measurement 
of relative intensities of spectral lines, etc,, were widely studied. Special 
spectrographs like the bent crystal X-ray spectrograph were developed to study 
weak lines such as usually occur in satellite spectra. 

The subject of satellite spectra is perhaps the most intricate problem in 
the entire fiield of X-ray spectroscopy. Ever since their first discovery in 1916 by 
Siegbahn and Stenstrom^ extensive work on the various aspects of their general 
characteristic features and theories of their origin has been published. The field 
of X-ray satellites on the experimental side does not seem to be exhausted and the 
theories regarding their origin do not appear to have as yet reached a final 
decisive stage. A number of surveys of satellite spectra have been published from 
time to time the last of these is that by F. R. Hirsh Jr,^ in 1942, This survey 
gives a good picture of the satellite position at that time but is how out of date 
in many respects in view of recent investigations in this field of X-ray spectroscopy. 
The present article is an attempt to present an overall up-to-date picture of 
satellites. The author does not claim to have included in this account all the 
existing publications nor does he intend to give all details of data about them. All 
that is desired is to help the reader in locating a particular aspect of X-ray 
satellites in the literature through the references listed in the end of this article. 

II. GENERAL SURVEY OF ^SATELLITE LINES 

( A) K-Satellites : 

Siegbahn and Stenstrom^ were the first to report the existence of some weak 
lines on the high frequency side of of elements from Z= 1 1 (Na) to Z =30 (2n). 
These weak lines were designated as X-ray satellites due to the fact that they 
lie in the region close to the usual X-ray dipole lines. The discovery of X-ray 
satellite spectra in 1916 opened a new field of research in X-ray spectroscopy which 
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has steadily widened till to date. The simple character of satellite spectra in 
these early stages of their study is demonstrated in a figure, qualitatively. 



K — Satellites. 


A careful survey of K-series satellite lines was made by O.R. Ford® in 1932. 
He reported in addition to the lines shown in the figure a satellite a.^‘ and also a 
number of satellites designated by jS", and for elements 

12 SZ:S32. In 1936 Parrati*, using ionisation method, showed that the Ko-g,, sate- 
llites are not simple but consist of 5 components for 16 28 and four compo- 

nents 29 :^:£32. Later Shaw and Parratt® extended the work and reported the 
following satellites : 4 components 0:3 , and a' for 30 gZ§33 : 3 components 
for 34 sZS- 40 j,2 components a/, ct^ for 41 gZ;^ 46. 

The data regarding wave-lengths of X-ray satellites discovered up to 1947 
have been collected by Y. Gauchois and H. Hulubei in their wave-length tables.® 


• In 1948 Hulubei, Gauchois and Manescu'^ observed weak lines in the X-ray 
spectra of elements Z=33 to 44. They reported two lines of wave-length less than 
iSg designated by the symbols and /3'". The latter is not of the same type 
for all the atoms in this group. Ocher lines reported are ^5, and Pg. 

In 1947, using high frequency excitation method for the first time, Groven* 
studied the K-spectrum of As (33) in the vapour form with a Gauchois spectmgraph. 
He foimd new lines «»' and on the long wave-length side of He also 

discovered many other weak lines both on the long and short wave-length side of 
K« and K/S and confirmed the measurements of Shaw and Parratt and Gauchois 
and Hulubei for «*, < short wavelength satellites of Ka and i*at 

of Hulubei for a,, long wavelength satellite of Ka. Adopting the same method 
Morlet® studied that K-spectrum of selenium both in the vapour and solid forms 
in 1949 and that of Br (35) in 1950^®. He also reported a number of short and long 
wavelength satellites of Ka and K^. 

In 1951 Groven and Morlet" discovered many weak lines in the K-stn^ 

minv the hiah frequency excitation method of Groven refer erred to above. Ihe 

Seats sSed were Zn(30), As(33;, Se (34). Br (35) and Kr(36). The lines were 
devided into five groups as follows : 


TABLE I 


Group I 
Group II 
Group III 
Group IV 
Group V 


*8. “s'l 

r,hi 

t , 


Long-wave-length satellites of Ka 
Short wave-length satellites of Ka 
Long wave-length satellites of K^i,s 
Short wave-length satellites of K^cs 
Short wave-length side of K^t 

} 



The work of Groveo and Morlet is of importance as it opens the possibility of 
studying! the effects of proximity of atoms in a solid on X-ray spectral emissions and 
thus holds promise of understanding the mechanism of emission of the weak lines 
referred to here. 

In 1950 Edamato^^ carried out interesting experimental work using high 
resolution spectrograph for the elements. Z==25 to Z=30. He reports wave-lengths 
for aig', ^£ 4 , and ot' and a number of other lines on the longer wave- 

length" side near the principal doublet. For some of the elements Edam ato 
reports two lines and of wave-lengths shorter than 

In 1952 Hayasi^® investigated the satellites of K^i and lines of Gu(29) 
which consist of five components and an emission line of wave-length shorter than 
the main absorption edge was found. 

In 1955 Sawada^* and others resolved the into two components and 

the longer wave-length was designated as K^j. The spectrograph used was 
a Gauchois curved crystal one and the elements studied were Or (24) to Zn (30). 
In view of this and the results quoted above for other authors especially those of 
Edamato, Groveu and Morlet the picture given for K« and satellites by A. 
Sandstroin“ in Hand Buch der Physik should be considered as incomplete. The 
various Ka satellites reported in this article are : 

«%a',a 3 ",a 3 ,« 4 , « 3 '. V> “ 5 . “a elements Z = ll to Z=46 and ^0 (U 

Pa P*. P^ P"» P'"’ P‘^’ Ps* Pioi Pii'". for elements Z = 14 to Z=47. 

In the soft X-ray region of 600 A, Bedo and Tomboulian^® observed a K- 
satellite band for metallic Lithium. Galterall and Trolter^'^ during their study 
of K-satellite band of Lithium and Beryllium found that the hole which occurs 
in the core level during the soft X-ray emission process does not appreciably affect 
the intensity of the spectra. 

One of the most interesting aspects of X-ray satellite emission is the question 
regarding their excitation by fluorescence. Recent experiments go to show that 
satellites do appear in X-ray fluorescence spectra. In this connection .the work of 
Tsutsumi^s in 1959 is most noteworthy. This anchor studied the satellite of 
some compounds of iron group by fluorescent spectra. We shall return to this 
aspect in another section. Appearance of satellites in fluorescence spectra 
contradicts the assertion made by A. Sandstrom on Page 85 of his article in the 
Hand Buch der Physik.^® 


(B) L-Satellites : 

From their very first detection and measurement by Druyvesteyn^® in 1928 
it was noted that the L-series satellites are much more numerous than those of the 
K-series. In 1929 F.K. Richtmyer and R. D, Richtmyer made a careful survey®^ 
of the satellites of Lafi, L^j_, and L^. 2 . A satellite structure accompanying these 
X-ray diagram lines was investigated for the elements Rb (37) to Sn (50). This 
structure was much^ more complex than what was previously assumed. The 
following L-satellite lines were reported. 
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TABLE 2 


8 La satellites wken Z==42 
5 La satellites when 37 3^Z^49 

4 LjSj^ satellites when 42 ^Z^48 
3 LjSj^ satellites when 48 ^Z^50 

5 LjSg satellites when 42 ^Z^5Q 

In 1936, Parratt^i reported La satellites of Ag (47). Later on Gauchois^^ discovered 
La satellites of heavy elements from U(92; to Sm (62) and reported four satellites 
over this range of elements. Since then investigations in L-spectra made a steady 
progress. The position of these spectra in 1947 can be visualised by referring to 
the excellent wave-length tables compiled by Gauchois and Hulubei^* Table 3 
gives an on overall picture of the L-sateilites known up to 1947. 


TABLE 3 


Number 

of 

Satellites 

Satellites 




Laj_ 

L/S, 

Li5s 

Ly 

1 

Z=64, 76, 77 

Z=60, 62 —>68 

Z = 59, 62-J-67 
71,84 

Z =40, 44,46, • 
48^51 

64-»71, 74, 81 

2 

Z=62, 68, 70-»72 

— 

Z = 55, 56, 58, 60 Z=41. 42, 45, 47 
68,70.72,92 63. 72,77, 83 

3 

Z = 66, 74 

Z=48->50 

Z=51, 52, 53, 73 Z=58, 59, 60. 62 
73, 75. 76, 78, 
80, 82 

4 

Z=47, 55. 75, 88 

— 

Z=42 

_ 

5 

Z=45, 46. 4B, 81, 92 

— 

Z =44-^50. 81 

Z=78 

6 

Z=41, 50, 52, 73, 90 

— 

Z = 75, 77, 88 

Z=55 

7 

Z =44, 47,49, 51,53, 

78, 83 — 

Z=:82 

Z=56 

8 ‘ 

Z = 42, 45,46, 48. 56, 

79 — 

Z=83,90 

— 

9 

o 

00 

II 

ISl 

— 

Z=79 

— 


The lines repo ted are : 


La satellites : 

ag, a-', oTg^ Ofj, a/, when 26^Z:S 56 

^iiir a^ when 57 ^Zs 92 
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LjS satellites : 

fe. J8/, iS/', /3/, ^ 2 vi, vii 

Ly satellites : 

LTi' ... y/ Ya", Vas', /a, Vs, ^lo 

In 1949 L. Groven and A. Lagasse®®, using high frequency excitation method^ 
found as many as 20 weak lines on the long wave-length side of of Hg (80). 

Of these only two viz. oio and afg were identified. They also found as many as 15 
weak lines on the short wave-length side of hctj^ of this element# Of these 

ctx^ and were identified. In the spectrum of this element they 
found as many as five weak lines on the long wave-length side of and as many 
as ten weak lines on its short wave-length side. Of these 

and iS^vii were identified. In the Ly spectrum of mercury they found three weak 
lines of which Ly^' was identified. 

In 1951 Barrere^^ using 400 KV i.e. nearly 40 times the excitation voltage for 
LyiofW (74) found the satellite Lyi' of Xl09D.5xU. It is worthy to note that 
for Hg (80) Barrere reports no K-satellites although the excitation — voltage 
used by him was 140 KV, nearly one and a half times the excitation voltage 
necessary for the emission of K-series. Only the dipole lines K«a, K^s and 

were reported by him. 

In 1953 Sakellaridis^^ reported Vs, Vioi Tg and ^X 4 satellites in the L-spectrum 
of the rare earths Eu (63), Gd (64), Tb (65), Ho (67) and Fa (69)# 

In 1957 G# P. Borovikova and Mikorsunkii^® reported hccj^ and satellites 
in the L-spfectrum of Ge (32). 

(C> M-Satellites : 

The occurrence of satellites in the M-series seems to have^ been reported by^ 
Stenstrom^'^ for the first time in the year 1918, Later Hjalmar ^ made anj 
extensive study of these lines and reported two satellites of Mo: viz Ma and Mot' ^ 
for elements y^ (70) to U (92), three satellites and of M^x for U(92) and 

one satellite oi ‘for elements Z= 67 (Ho) to Z=92 (U). He also reported one 
satellite 7' of My for elements renging from Z = 74 (W) to Z— 92 (U) Beuthe 

reported a few satellites of Re (75). Lindbergh found two satellites of for 

elements ranging from Z = 7 1 (Cp ) to Z =92 (U) and one satellite of for elements 

ranging from Z=71 (Cp)toZ=92 (U). in 1931 Hirsh, studied the M-series 
faaieUites of various elements and gave wave-lengths for three satellites of 

and four satellites of Max* He did not find any satellite of My. Much later in 
1950 by careful analysis of density plots Hirsh^^ showed that tor the elements 
studied, viz. Pt (78), AU (79), T1 (81), Pb (82), Bi (,83), Th (90) and U (92), six 
Uisunct satellites were discovered. On the other hand study of Micro-photoineter 
records of the spectrograms showed complete absence of sharp Ma satellite maxima# 
Hirsh atiribuied this to Auger broadening of the satellites, while in the case ot 
MP satellites Hirsh^^ shows that Auger effect is impossible# 

I m j 


LPx ••• 

LP2 

LiSs ... 



4 wave-length tables of Cauchois and Hulubei demonstrates 

tbe number of and satellites for a number of elements. 


1 

2 

3 

4 


TABLE 4 — ^M-Satellites 


Number 


of 

Satellites 

Satellites 

M 

a 



M 


y 


{<*11) Z =67^69 

(alV^orll) Z=70. 76 


Z=64-s.69 

^nz=7i,76 y,'Z=74, 

^ll * -^III ^ 8 1->83, 90, 92 


fZ=7i-5.74 rZ=72-a.74 -» 

(«I, «II, «IV) tz=77. 78. 90, 92 B , ^ , fl j Z=77-»79 _ 

i II Ill-i 7,^0, 


(«I, ocIII, .«IV) Z=79, 80--»83 


Z = 8l-^83 
tZ = 90, 92 


A perusal of tliis general survey of X-ray satellites brings out the fact that not 
only the number of satellite lines in the various series has considerably increased 
since their first discovery m 1916 but their original simplicity is replaced by 
intricate complexity. Moreover, another important feature of satellite spectrum 
is that during recent years satellite lines on the low frequency side of the principal 
dipole lines have also been observed for a number of elements. In another section 
we will review theoretical ideas about the origin of the low and high frequency 
satellite lines. 


III. CHARA.GTERISTIGS OF SATELLITES 

As discussed by F. Wisshak^ as early as 1937 a satisfactory theory of the 
origin of X-ray satellite spectra required detailed study of the following character- 
istics of these lines : 

(1) Exact frequencies of the lines, (2) Their widths. (3) Minimum excitation 
potential. (4) Minimum photon energy if excited in fluorescence. 

(5) Intensity variation with atomic number of the anticathode, potential and 

current in the X-ray tube. 

(6) Relative intensities of a satellite and its socalled parent line. 

From time to time work on these lines has been published and the reader 
may reach the original papers in this connection to get an idea of the progress 
made up to 1943 or so^^. In the year 1948 H. Hulubei, Y. Gauchois and 
Manescu observed new weak lines in the spectrum of elements Z=33 to 44. 
They found that increase in excitation potential generally favours the appearance 
of satellities. In 1951 Barrare^^ using excitation voltage nearly equal to forty 
“times the excitation voltage for Ly^ of W(74) obtained the satellite Ly/ cf Xl 090.5 
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X. U. Iq their at 11 if of satellites of Gold, Lead aad Bismuth L. Saigusiro and 
M. H, Blanc^® found that the satellites of disappear when the applied potential 
decreases below the ionisation potential of the Lj electrons* The intensity 
ratios of the two components K^a and of to the line for elements 

Z = 24->30 reported in the previous section were both estimated to be of the order 
10'^. The significance of this work in the theory of the origin of satellites will 
be considered in the next section. Vainshtein, Bril and Staryi^^ showed that several 
regularities in the relative intensities of K/3" and for certain titanates exists 

It is thought that they throw light on the electronic structures of the substances 
studied. Vainshtein and Ya N. Vasil6v^® obtained interesting results about the 
eflfect of carbon content in Titanium on the intensity of line* For carbon 

content of 9-24% the spectral location of the lines remains constant but the 
relative intensities of the lines change. Fo^* the relative intensity of this line 
increases .with dhe carbon content. The influence of the Auger effect and atomic 
number on the line width and relative intensity of satellite bands were the 
subject of study by J. Gomes Ferreira®^ for elements Z = 30 to 72. With the help 
of a specially developed grain technique they measured the intensity of the 
higher frequency LoEx satellite band as a fraction of the intensity of the line. 
It was found that this fraction ros# steadily fx'om 15 percent for Ta (73) to 64 
percent for T1 (81), dropping to 40 percent for Bi (83), then decreasing slowly to 
36 percent for U (92). The lower frequency satellite band gave a similar curve. 
The hitherto unmeasured L<x^ line widths were given from Z=sTa (73)r5tBi (83) 
and also for Th (90)» 

Excitation by Fluorescence : Excitation of X-ray spectral lines and ejection 
of photo electrons, K, L, etc., by incident X-radiation has been known for long. 
The question arose whether the satellite lines can be produced by an incident 
X-ray photon of suitable energy. Dauvillier^® made an attempt to excite (26) Fe 
Ka 3,4 lines by K^i radiation of 29 (Gu). Later oh in 1927, Coster and 
Druyvesteyn^^ succeded in exciting Fe K«g ,4 by Cu K radiation. Hirsh and 
Richtmyer** excited Zr (40), Mo (42) and Ru (44) and Ag (47) by 20 KV Ag- 
radiation. It was found that the intensity of La satellite relative to the parent 
line diminished. In 1953, H. Herglotz^^ using photometric and grain counting 
methods found that the ratio of the intensities of Kag satellite of Gr (24), primary 
and secondary . excited, was 2 5±20 percent. The results are considered to support 
the views of Druyvesteyn^^ given in section IV of this article. 

In 1959, K. Tsustumi^^ studied by fluorescent method the nondiagram lines 
KflCgjg and Kj3' of ^ome compounds of the iron group. The \ values . and relative 
intensities of KaEg,^ of metallic iron and K/5' of Cr^Og, Cr^ MnSO^. 

4HgO, Fe^Og and Fe (NH^)^ (SO^)^ 6H^O were measured by the fluorescent method 
using two different characteristic X-rays. The Ka 3,4 lines did not appear when 
annron atom ’ was excited by Ni K-rays but were clearly observed when excited 
by Gu K-rays. This agrees with the idea thatKagjg lines ari?e from the transition 
KL- — ^LL (see section IV of this article) In the casse of line it did not matter 
whether it was excited by photons of energy lower or higher than EL(Z3 + L(Z+ 1) 
whichjs necessary to remove simultaneously a K and an L — electron of anatom 
Z. It is concluded that Kp' line is due not to the double but to the single 
ionisation process. The author derived it from the difference of the exchange 
•interactions of the states of total spins (S + J) and (S - |), where S is the total spin 
of the incomplete ^3(i shell and| that of the incomplete Bp shell in the final state. 
The energy separation * of the and lines calculated from these exchange 

energies were shown by Tsutsumi to agree with experimental results. 
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IV. ORIGIN OF X-RAY SATELLITES 
A. Higli frequency satellites. 

It is well known that complete X-ray energy level diagrams have been 
constructed which describe the transitions giving rise to the strong lines in the 
various X-ray spectral series. Certain selection rules for these transitions have been 
framed. The pre-requisite condition -for such emission is the expulsion of an 
electron from one of the shells of the atom. Thus for the K-series an electron 
should first be expelled from the K*sheli, In re-arrangement K-series lines are 
emitted. 

As mentioned in section II of this article Siegbahn and Stenstrom observed 
weak lines on the high frequency side of the strong lines, the frequencies of the latter 
being given by the energy level diagram as the difference of frequencies of two terms. 
It was soon realised that the frequencies of these faint lines could ^ not be obtained 
from- the energy level diagrams even after violating the selection rules. It is 
customary therefore to call them nondiagram lines although frequently they are 
called satellite lines because they lie not far from the strong diagram lines. 

Wentzel^® rnade the first attempt to explain the origin of high frequency 
satellites.. It was natural for Wentzel to assume that the satellite spectra are the resuk 
of single electron jumps in atoms in which two or more eletrons have been removed 
from the inner shells The multiplicity of X-ray levels was not taken into account 
in the early form of the theory of X-ray satellites. Researches on excitation 
potentials showed that excitation voltage for a satellite is decidedly somewhat greater 
than that for the diagram line associated with it. It was found that the energy 
of excitation of a K-satellite is equal to the sum of the energies required to one 

fe-electron and one L electron. The initial state of the atom for the emission oi 
K satellites is represented by the symbol K.^L^ other atomic states are represented y 
K^ K^M\ L^M.\ etc. In table 5 below are given the assignments initial and 
final states for some satellites in the K-series, according to Wentzel. The indi^ 
give the number of electrons removed from a shell. 



TABLE 5 


Satellite 

Initial State 

Final State 





KiLi 



K* 

K^-Li 


KiL* 

L» 


K2L1 

K^L* 


Druyvesteyn*' modified Wentzel’s theory in such a way that 
necessity for supposing that two electrons from the same level are ejecte . 
that there is a good agreement between his theoretical calculations ^ 

■ data for the satellites of the diagram lines K^^^, ^ 
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^ves and as the initial and final states, For the Itce group of satellites 
Druyvesteyn gave the assignments in Table 6 but he did not present data to support 



TABLE 6 


Satellite 

Initial state 

Final state 

Kai 

KiH^i 



KiH2,3i 



KiHa,32 

L^,3« 


B. B Ray^s introduced the opitical spectroscopic interpretation of the' Ka satellites 
raking into account the multiplicity of levels and explained the emission of the five 
a sate lite^ a^, and ax. Langer*^ using optical spectroscopic natations 

propose th3.t the five Ka satellites a\ a,, a^, a^, and aj may arise from the 
transitions Ij 2s -^2s 2p^ and Is He assumed Russel-Saunders Coupling 

in^ calculating the terms. WolfeS*’ mode some improvements in Hanger’s assign- 
ments and showed very satisfactory agreement between the calculated and the 
Observed r/R values for the satellites of the Ka group. In Table 7 are given the 


TABLE 7 


Satellite 

Hanger 

Wolfe 

Ka' 

iS-).iP 

ip->.is 


Is 2s->2s 2/)5 

ls2p^-^2p^ ' 

Ka3 

sp^ap 

SS -^SP 


If 2p=-^2p* 

If 2f-» .’f 2p^ 

Ka, 


iS-s-iP 


If 2f-»2s2p’ 

If 2f5->2f 2p' 

Ka* 

ip->is 

3p_^sp 


If 2p=-^2p^ 

If 2p5-^2/i* 

Ka^ 


iP->iD 


If 2p^-^2p^ 

If 2^5->2^* 


assignments made by Langer and Wolfe for comparison. Sawada^i made assignments 
ot tJie group satellites extending Hanger’s idea. Kennard and Rambergs# 
discuss^ the ongin of Ka satellites making use of the idea ofHartree self consistent 
neid iney tound excellent agreement with observed frequency dififerences. No 
doubt seems to have been left that the Ka satellites are due to KH ionised state of 
an atom. It should be noted that the basic idea of multiple ionisation of atoms is 
^ppOTted by wave mechanical considerations as discussed by Richtmyer and 
Ramberg^ . D.J. (^ndlms calculated the expected structure of satellite lines due to 
K H ->H-a transitions for II elements, Z=.19 to Z=42, using first order perturba- 

[ 3^8 ] 



tion theory and Hydrogenlike wave-functions. The agreement with experimental 
TOlue» IS good, and penhaps goes to show the correctness of the approach It is 
desirable to extend their work to other elements and to the L and M series satellites. 

The question of the ^tensity of satellite lines is of considerable value in the 
development of a theory of X-ray satellites. The probability of KL ionization w^ 


The study of Ay/ R values of a satellite line with respect to its principal 
diagram line IS of considerable value in theoretical interpretation of the satellite 
spectra. It was known that the square root of Av/R varies linearly with atomic 
number; in other words satellite Imes obey what may be called semi-Moseley <^raphs 
Based on this behaviour of satellites Richtmyer»« introduced the idea of°double 
jump of electron. Consider an atom having lost one electron in an inner sheU 

rearrangement of the atom the inner vacancy 
wUl be filled by an electron from one of the inner shells and the outer vacancy 
from the valence electron. The emitted quantum is given by ^ 


From this we have the observed relation Jz * j — _ 

, VVg — V£ an: V Fq — OfZ.. 

This is Richtmyer's hypothwis of double jump for explaining the origin of the 
satellite spectra. Richtmyer s double jump theory readily explains the presence of 
Je continuous spectrum ,u the regiou of X-ray satellites/ldei^l has concluded 
that (v.--yi)«Z This throws some doubt on the real significance of the linear 
relationship pointed out by Richtmyer. 


In an important article discussing the probability of double jumps in X-ray 
spectra E. G. Ramberg®^ questions the validity of Richtmyer’s double jump hypo- 
thesis. He poiuts out that the intensity of Kaj, Xotj satellite-doublet relative to the 
intensity of hnes for Na (11) is 

and 
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Their calculated relative intensitites are very much smaller than the observed values. 
Another objection raised^ by Ramberg agfainst Richtmyer^s hypothesis was that lono* 
wave-length satellites which may possibly arise due to subtraction of energy corres- 
ponding to the ionisation eaiergy of the semi-optical shell electron from the X-ray 
quantum were not observed. As pointed out in section II of this article long wave- 
Icngth satellites are now observed and the force of Rambergs contention^ at least on 
this ground, is lost. 

Another interesting relation between S(v/R) and Z was for the first time 
found by Deodhar and .^bidi.^** This was later on extended to a number of elements 
and a large cumber of satellites by Deodhar and Padalia.®® If for a particular 
satellite, say Ka', 5 (v/R)=(v/R't 2 ,^j - (v/R)^; values are plotted against atomic number 
a linear relation 8(v/R) = 1*55 (Z— I f is obtained. The range of elements covered 
is . Z = 1 1-^35. Similarly, for the La satellite.s the relation S(v/R)=0-25 (Z - 4) holds 
over the range Z = 33 to42and 5(v/R)=0’25 (Z — 3} over the range of elements 
Z=44 to 53. Interpretation of these now relationships is that satellites arise 
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due to single electron jumps in multiply ionised atomps^ supporting the basic 
idea of the Wentzel Druyvesceyn theory of X*ray high frequency satellites. : 
Although there is a considerable amount of evidence in favour of the basic idea 
of Wentzel and Druyvesteyn regarding the theory of X-ray high frequency satellite 
spectral emission, other lines of reasoning are not ruled out. Bloch^^ finds that the 
^^3,4 doublet of Gu ( 29 ) could be attributed to double electron transitions. His 
calculated relative intensities agree satisfactorilly with the experimentad results. T. I. 
Kakuschadse®^ has extended Bloch’s theory of satellite spectra to give a satisfactory 
explanation of the origin of and lines in terms of electron interaction with 
thermal vibrations of the lattice. The extended theory also gives an explanation of 
the observed asymmetry of and lines. 

As given in Section II of this article Sawada, Tsustumi and Shiraiwa®^ succeeded 
in resolving for elements Z= 24->30 into two linesKjSw and They ascribe 

the origin of these two lines to the two electron jumps obeying the Heisenberg 
selection rule first proposed by one of the authors. Accordingly the line Kpn- 
originates from the transition KL^j and from the transition 

The adoption of Wentzel-Druyvesteyh conception to explain the origin of 
and M satellites in the same way as the K-series satellites was retarded due to 
certain peculiar and anomalous behaviour of the intensity character of the L and M 
series satellites. Assuming that double ionisution takes place due to the single 
impact of a cathode ray eleexon the intensity of satellites relative to the accompany- 
ing diagra in line should decrease continuausly with atomic number. Although this 
is found to be so far the K series satellites it is not so far the I4 and M ones. Take 
the case of La satellites as an example. Experiments show that the intensity of La 
satellites decreases abrupdy as the atomic number increases from 47 to 50 and 
their intensity Increases suddenly at Z =75 Between Z =50 and Z =75 the intensity -of 
La satellites is so low that they are hardly observable. 

This diflSculty was solved by the important .work of coster and Kronig^ who 
showed that the doubly' ionised state of atom, first singly ionised, can result from 
radiationless transition in singly ionised atoms, the phenomenon established first by 
Auger^^ and called Auger effect. The theory put forward by Coster and kroning 
gives a very satisfactory picture of the L-series satellites, 

Hirsh®^ has discussed the Auger effect in the M-series and gives the probable 
origin of the Maj_ and satellites. He has pointed out that N^, 5 electron is 
ejected due to the radiationless transition M 3-^ M 5 which gives rise to the transition 
^5N4,5->N7,N4,5. In the same way, M /3 satellites- are due to the radiationless 
transition M3M4 resulting in the ultimate transition M4N4,5-^N3N4,5 Hirsh®® has 
done some further work on the intensity maximum for the Ma^ satellites confirming 
the theoretical explanation af Coster and Kronig applied to M-series satellites. 
The material available in the literature goes to show convincingly that the 
Auger effect theory of Coster and Kronig is well established. 

Inspite of these successes of the Wentzel-Dryvesteyn theory and the refinements 
made thereon it must be admitted that the theory of X-ray satellites has not yet 
reached the final quantitative stage.^ There may be some atomic processes other 
than those considered heretofore which may cause the emission of some satellite 
lines. Besides this there is the unsettled question -regardihg the origin of the Jaw 
frequency satellites. ' ^ ^ ^ 
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S. M. KarFnak and S. B. NyzTinyk®? have discussed tke emission of isatellke^ 
lines on the basis of what is called the external screening. They consider the case of* 
the iron group. It is thought that this conception ooens the possibility of arriving 
at a unified approach in accounting for the origin of X-ray satellites,. 

B. Low Frei^ueiiicy SatelKtes . ' 

We reviewed above the existing theoretical ideas regarding the origin of the* 
high frequency satellites. In a systemetic study of the elements As ( 33 ) to Br /35): 
and that of the elements from Rb (37) to Mo (42) Hulubei®^ reported for the first *, 
time a line on the long - wave-length side of L Graven and jp. Morlet by . 

high frequency excitation method obs -rved three lines ofs'', ofs, and < 2 /onthek 6 ig 
wave-length side of For the KjS spectra also for these elements Groven and 

Morlet^^ observed a number of lines on the long wave-length side of and ^ 3 . Y. 
Cauchois, J. Manescu and H. Hulubei also reported some lines of this group. Much 
earlier in 1922, D. Coster has observed in his study of the L-spectra of elements Rb 37) 
to Lu(71) lines lying on the long wave-length side of Tg (L^ Ng), Yf (L^ N 4 ) and 
(L3N5) called by him Vio, Tg and respectively. P. Sakelaridis’^ has reported 
these lines for Eu, Ga^ Te, Ho. The number of the low frequency satellites in the 
various series is not as large as that of the high frequency ones. Generally an 
element in gaseous form give more of the low frequency satellite lines. 

Hiilubei proposed two mechanisms of the emission of the low frequency satellites: 
(1) A partial Auger effect. Acc ording to ' this a dipole transition or Ka^ 

undergoes partial internal conversion by ionising the outer electron shdb.*; The 
remaining energy comes out as a radiation of longer wave-length. 

Groven points out that the difference of frequencies of a satellite and the dipole 
line does not give the ionisation energy of an external shell. This disagreement 
seems to be more or less a general one and so alter Groven we may rule oat the 
validity of this mechinism. ^ ■ 

(2) According to the second m echanism proposed by Hulubei a radiationless 
forbidden transition K— takes place. Satellite lines corresponding to this forbidden 
transition will arise. To this forbidden transition is to be added the additional 
donisation of the L shell. Groven and Moriet making use of the function of the 
self-consistent field of Hartree calculated the values of(vp-vs) for Zn (30) and As 
(33). Althouc^h agreement with the experimeacai values was fair, we have yet to see 
whether this conception of Hulubei ha-s re icned a decisive stage. 

Taking the data for the K-low frequency satellites for the elements Xs=33 to 
Z 5542 the values of 5(v/R : ==(v/R) 2 +i- v/R 2 for a particular satellite can be calculated. 
If these are plotted against atomic number as in the case of high frequency satellites 
a linear relation is obtained- Deodhar^'** in collaboration with his students has shown 
that the relation 8(v/R)= 1.53 (Z 1) is obeyed. It, therefore, appears that the low 
frequency satellites arise in the same way as the high frequency ones by single eJectron 
transfers in the multliply ionised atoms. 

The interesting liner relationships discussed above bring into prominence the 
unsuitability of the term ‘Satellite’ alUiough 1 have used it freely in this article. It 
will be more in the fitness of things il these spectra arc described as the spectra of 
the second and higher kind according to the degree of ionisation, the spectra of first 
kind being the usual X-ray spectra corresponding to the transition in singly ionised 
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states. Construction of energy level diagrams for mukliply ionised states has however 
not yet hcen achieved. In concluding this general survey of X-ray non-diagram 
lines, we cannot help remarking that the theory of these , spectra has not yet reached 
a final decisive quantitative stage. 

In conclusion I have to offer my hearty thanks to Mr, B. D. Padalia M. Sc. 
my research fellow for his assistance in collecting references and preparing abstracts 
of recent papers published on the topic of X-ray spark lines discussed in this article. 
I am also thankful to the organiser of the symposium^ Prof. S. N. Ghosh for giving 
me an oppertunity to lay bdbre the interested worker a connected account of the 
recent developments in this field of X-ray spectroscopy with appropriate references 
which I hope will be of value to the interested readers in. locating tne various aspects 
of X^ray spark lines in the literature. 
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existing spectroscopic literature reveals that our knowledge 
regarding the diatomic molecules, which are composed of atoms both belonffJntr 
to I group of the periodic table, is still inadequate. If we leave aside H.-fnrf 
hydrides might better be considered separately— and Fr (87), a rare element there 
are eight other elements in thb group, five belonging to la subgroup and three 
belonging to Ib sub-group. These elements combining with one aether could 
form altogether thirty-six diatomic molecules. So far only seventeen of these mole- 
culps have been spectroscopically established, twelve of which arise from combi- 
natmns among the elements of la sub-group and five from combinations among 
elements ot Ib sub-group. It has not yet been possible to record the spectra of the 
remaining four molecules of such combinations, i. e., those which could be formed 
out of atoms belonging to the same sub-group, three of la sub-group and Au 4cr of 
Ib sub-group. None of the fifteen molecules that could be formed from a combi- 
nation of an atom of Ib sub-group with an atom of Ib sub-group has been spectro- 
scopically observed. These evidently need full investigation. It may be men- 
tioned here that while la-Ia sub-group molecules were known much earlier, inves- 
tigation regarding Ib-Ib sub-group molecules were taken up only recently. 


The work carried out on these molecules has been mainly confined to the 
«udy of their electronic spectra and the determination of their vibrational constants. 
The spectra have been observed mostly in absorption in the visible and ultraviolet 
regions. The dissociation energies have been calculated in most of the cases by 
using oje and oj*re values. Excepting for the molecules Li,, Na, and Kg, no rota- 
tional analyses have been made. Ruamps has, however, reported a rotational struc- 
ture in the 0,2 band of system A of Au, molecule. Practically no infrared spectra 
have been observed for these molecules. A brief account of the results obtained 
regarding the different molecules of the two sub-groups have been shown in tables 
I and II. These indicate the various electronic states observed together with their 
T* and oe values. 


One of the reasons why the spectra of Ib-Ib sub-group molecules could not be 
observed earlier is the difiBculty of their formation at lower temperatures. With 
the comparatively high melting and boiling points of elements of Ib sub-group, 
the necessary amount of vapour could not be obtained at the usual temperatures 
of the experiment. The recent workers have employed graphite tube resistance 
furnace to obtain very high temperatures and thereby have been successful! in 
recording the spectra of Ib-Ib sub-group molecules either in absorption or in ther- 
mal emission. Ruamps and Kleeman and others employed King type of furnace, 
while workers in this laboratory employed the furnace originally used by Saha 
and his co-workers for work on thermal ionisation and absorption spectra. This 
furpace essentially consists of a tube of pure graphite held in a horizontal position, 
which is heated by a very heavy alternating current obtained from a 10 kw step- 
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down transformer. The furnace tube is kept inside a chamber which consists of* 
three parts, separable from one another, the top, the middle portion and the bot- 
tom. Each portion is double walled and is cooled by passage of water through it^ 
The chamber is evacuated and can be filled with any gas whenever necessary. 
Temperatures as high as 2500^0 could be obtained with this furnace. The 
source of continuum used for absorption work in the visible region was either a 
200 watts pointolite lamp or a ribbon filament lamp with intensity control or 
a 200 watt straight filament lamp. For the ultraviolet region, a vitreosil quartz 
hydrogen lamp, supplied by Messrs. Thermal Syndicate London, was used. 
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Plate II 


Below is given a brief account of the spectra of Ib-Ib sub-group^molecules. 
The spectra of la-Ia sub-group molecules have been well reported in standard 
books and journals and are not therefore described here. 

C%— Singh, N. L. (1946) found some bands in emission in the red region 
in the flame spectrum of copper and ascribed tnem to Gug molecule. 
He proposed a vibrational analysis for the same the value of the 
ground state vibrational frequency being 160 cm-^ More recently 
Kleman and Lindkvist (1954) and Ruamps (1954) investigated the spec- 
tra of Cug molecule. Two systems of bands were observed in the 
visible region with a common ground state vibrational fre- 
quency of value 266.1 cm*^. The analyses have been substanciated by 
the presence of isotope shift of right order (d magnitude* Ruamps re- 
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ported some bands also in the ultraviolet region XX 2900-2300, These, 
however, have not been analysed. The general feature of the bands 
shows well marked sequences and sharp heads. The molecule appears 
to be quite stable and the energy of dissociation has been computed to 
be 2.1 e. V. No work in absorption has so far been reported. 

(1954) was the first to report the band system due to Ag 2 
molecule. He observed them in thermal emission by heating silver 
in a King’s furnace. The bands occur in the region X\ 5050 — 4120 and 
were classified into two systems. The value of the ground state vibra* 
tional frequency was found to be 190 cm-^. M. M. Joshi (1958) made 
a more complete study of these bands. He photographed them both 
in thermal emission and in absorption and obtained a large number 
of new bands in absorption in the ultraviolet region \X 2940 — 2725. 
Fragments of one more system were also obtained nearabout X 2600, 
A close examination of the emission spectrum revealed existence of 
self reversal of the bands, indicating thereby that the lower electronic 
state involved is the ground state. Predissociatioh has been noticed 
in the visible system. Vibrational isotope shift has also been found, 
which confirms the identity of the molecule. Very recently Ruamps 
has observed more band systems for the Agg molecule in the ultra- 
violet region. The heat of dissociation has been found to be 
1,8 e.V. 

dtji 2 *“Kleman, Lindkvistand Selin (195^) reported the presence of discrete 
bands in thermal emission in the visible region from gold heated in 
a King’s furnace and analysed them. The vibrational isotope shift 
could not possibly be observed in this case but the remarkable simi- 
larity in the general structure of these bands with those of the mole- 
cules Cujj and Ag.^ led them to infer that these are due to Aug mole- 
cule. Ruamps (I960) observed three more band systems of Au 2 mole- 
cule in the ultraviolet region nearabout X 2210, \ 2 130, and X 2090 
respectively, which however have not been analysed. A rotational 
structure of the 0,2 band of system. A has been reported by Ruamps. 
The heat of dissociation of this molecule has been found to be 2.7 e.v. 

Ctfig— This molecule has recently beea established spectroscopically in 
this laboratory. Details of the investigation will be published else- 
where in a short time. (K. G. Joshi and K. Majumdar). A large 
number of bands were observed in theremission in the region XX 4090- 
3790 when a mixture of copper and silver were strongly heated in 
tbe vacuum graphite tube furnace. The bands are quite sharp 
and well marked sequences occur. It was found that careful mani- 
pulation of experimental conditions is necessary for observation of the 
bands, as their production is very susceptible to changes in the tem- 
perature of the furnace and the pressure of nitrogen introduced in it. 
The bands were best developed at a temperature of about 1800®G and 
' with a pressure of nitrogen of 60 cm. of murcury. No vibrational 
isotope effect was observed but on a comparison of the vibrational 
constants and the general features of these bands with those of other 
molecules of this group, one can very well conclude that the emitter 
is CuAg molecule. 

Ctt4u— When a copper-gold alloy was heated in a King’s furnace a large 
number of emission bands in the visible region were observed by 
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Ruampa (1954). He classified these into four systems and ascribed them 
to'the molecule GuAu. The ground state vibrational frequency was 
found to be 250 The bands are sharp and they show well 

marked sequences. Vibrational isotope shift has also been observed. 

Jgdzi —The spectrum of this molecule has not yet been reported, 

DISCUSSIONS 

The common characteristics of the band spectra of Ib-Tb diatomic molecules 
are well marked sequences and the occurance of comparatively large number of 
bands in the individual systems. Besides, the bands of these molecules are all 
degraded to the red and their general appearance is very similar. The vibrational 
analyses of the bands studied have been substantiated by the presence of isotope 
shift of right order of magnitude in all cases except for the molecule CuAg where 
no such shift was observed and for Au 2 where it is not expected. 

The ground state vibrational frequencies of the molecules Guj, Ag^ and Au^ 
have been found to be 266.1 cm-^ 192.4 cm“^ and 190.7 cm~^ respectively. These 
values require a closer scrutiny. As far as Cuji and Agj^ are concerned the cc©^ 
values seem to be reasonably correct. Since the spectrum of Ag^ has been investi- 
gated both in emission and in absorption it Is almost certain that the lowest state 
involved is the ground state and the value of 192.4 cm“^ which is substantiated 
by the observed isotope shift is in all probability the correct value of o>%". Regar- 
ding Gua molecule, simple consideration of the masses of the vibrating nuclei 
would require that its vibrational frequency should be higher than that of Ag^. 
The observed value 266.1 cm-^ for 0 % which is also confirmed by the presence of 
isotope shift appears to be correctly d*ttcrmined. Similar considerations for Au^ 
molecule would require a lower frequency for the ground state than the ob- 
serbed one. Since molecule is much heavier than Ag^ it is not expected that 
the value of its ground state frequency would be of the same order of magnitude 
as that of Ag^ molecule. 

Further, if we calculate the heat of dissociation by using the relation D©*= 
the respective values for the molecules Gu^, Ag^ and Au^ come out to 
be 2.1 e. v., 1.8 e. V. and 2.7 e. v. respectively. These values suggest that the 
molecule Au^ is the most stable out of the three, which is doubtful. It, therefore, 
appears that the value of 0 / viz. 190.7-1, has not been properly determined for Au^. 
In the investigation with gold the general features of the bands no doubt resemble 
those of the molecules Gu^ and Agj^ but in the absence of isotope efifcct and of 
absorption data one cannot feel certain of the emitter of the bands and of the 
value of the vibrational frequency of the ground state. A more complete infor- 
mation is expected to be obtained in this respect when the absorption spectrum 
is studied. 

As regards GuAg molecule although no observations of the absorption spec- 
trum has been made> other considerations hold that the value of o;© determined 
is not incorrect. In a paper published in 1954 Majumdar and Varshni studied 
the relation of the vibration frequencies of the diatomic molecules XY with the 
vibration frequencies of the diatomic molecules XX and YY where X^ and Y 
belong to the same group of the periodic table* It was shown that if w© ^ for 
XY be represented by ^ (XY) , etc. then 

^ (XY}=i [<^ (XX)+^ (YY)J 
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The relation was found to hold good for a large number of molecules. On apply, 
ing it to CuAs; molecule the value of «.•,*' comes out to be 228 cm”^. The obser- 
ved value of 231.8 cm“^ for ground state frequency being in close agreement to this, 
one is reasonably certain of the same. However, absorption data for this mole- 
cule are also necessary to confirm the results. It may be mentioned here that 
the above relation does not hold good for the molecule GuAu. This shows that 
e" has not been determined properly for either Aug or CuAu. It thus appears 
that further studies regarding these molecules are necessary for more complete 
information. 

The author is thankful to Dr. M. M, Joshi and Dr. K. G. Josbi for help 
rendered in the preparation of this paper and to Mr. R. Yamdagni for making the 
charts. 
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